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Archaeometric examination of medieval ferruginous smithing slags collected from the sites of
Tell Dhiban, Jordan and the Armenian Garden, Jerusalem, Israel.
Abstract
Two assemblages of chronologically contemporary medieval iron smithing slags, collected from the
southern Levantine archaeological sites of Tell Dhiban and the Armenian Garden, have been studied
archaeometrically.  There is  a paucity of scientifically  orientated examinations of smithing slags
when compared to smelting slags, and there have been very few previous studies of smithing slags
from this geographical region, and none with the particular age range of the specimens from these
sites;  as  such  this  study  provides  a  first-look  investigation  of  these  materials.  An  extensive
collection of both chemical analysis results and microscopic images has been compiled, with the
aim  of  broadening  the  general  body  of  knowledge  with  regards  to  this  type  of  material  and
providing initial baseline data for these two sites. The results of this investigation have revealed that
the slags from these two sites are unusual in terms of both chemical composition and microstructure
when compared to  the smithing slag classification framework proposed by Serneels  and Perret
(2003). 
An alternative analytical method has been evaluated, where chemical compositions are determined
as elements rather than simple oxides; this allows the investigation of variations in stoichiometries,
which are relevant to redox chemistry and can provide valuable additional information regarding
this material. These results can be converted from elements to simple oxides to allow comparison to
other  studies.  A  simple  and  repeatable  procedure  for  the  assessment  of  the  bulk  chemical
composition of slag samples has been proposed and tested, together with a software application for
phase proportion determination using backscatter  electron images,  which is also combined with
chemical analyses for individual phase composition determination. The methods trialled during this
study have been thoroughly  evaluated and compared to other more conventional methods, and a
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number of recommendations for improvements and for future research have been proposed.
All of the smithing slag specimens examined for this study exhibit remarkably similar elemental
compositions,  microstructures  and trends  in  variability;  suggesting  that  a  similar  range of  iron
working practices  were being undertaken at  both sites.  Furthermore both of  these  assemblages
exhibit two different slag compositional  types: those with an elevated calcium content, and those
predominantly composed of iron oxides. These two slag types are probably related to two differing
smithing techniques being practised together, and the high calcium content specimens were likely
formed as a result of the use of calcareous fluxes rather than the more commonly observed siliceous
fluxes.  Additionally,  the  uniformity  and  well  preserved  nature  of  the  smaller  specimens  were
highlighted, revealing their potential as diagnostic materials. This study has characterised the local
nature  of  iron  smithing  for  these  two  sites  during  the  medieval  period,  which  appears  to  be
markedly different to the methods assumed to be widespread, due to their prevalence in western
Europe.
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“You have to know the past to understand the present.” 
Dr. Carl Sagan
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Chapter 1
1.0 Introduction
Metal working and extractive metallurgy has been practised by humans for thousands of years, and
the physical evidence for these practices can often appear in the archaeological record in a number
of different forms; the most common and recognisable of which are the metallic objects themselves
and the residual waste materials from their production. Even though an ever increasing number of
studies are being conducted in to metallurgical evidence recovered from archaeological contexts, we
still  do not have a complete understanding of the origins, development, and many regional and
temporal  methodological  aspects  of  this  particular  technology.  Regardless  of  this,  a  robust
framework of classification has been developed, which is constantly being expanded and updated
with  the  introduction  of  new  evidence  and  information.  Gaps  and  inconsistencies  in  our
understanding  of  this  technology  are  continually  being  resolved  through  the  use  of  modern
analytical techniques, and the application of investigative and interpretive methods introduced from
other scientific fields. This has led to the development of the specific and specialist scientific field
of archaeometallurgy.
Archaeometallurgy attempts to reconstruct the production methods and regimes employed by past
metalworking artisans, as well as examining the sources of metal ores and uses of metal products,
through the examination of recovered physical evidence; this approach does however pose several
unique  problems.  Much  of  the  material  evidence  formed  through  the  implementation  of
metallurgical operations does not survive well within the archaeological record, or is not limited to
the archaeological metalworking site under investigation. Metallurgical structures, which include
both furnaces and hearths, very rarely survive in their entirety in the archaeological record, although
the remains of furnace and hearth bases and associated superstructure fragments are often located;
the same applies to metalworking tools, which are hardly ever recovered from metalworking sites
29
either due to their intrinsic value as tools and as such their  reusability, or due to their partial or
complete  loss  from the  archaeological  record  through post-depositional  decay.  The  metals  and
metallic  objects  themselves  are  typically  disseminated  through  trade  and  can  often  be  lost  to
corrosion before recovery, displacing or eliminating this source of evidence from the metalworking
site. Sometimes metals and metallic objects will be recovered, but may be too valuable as artefacts
to destructively sample for further scientific investigation and analysis. Some of the more common
finds  on metalworking sites  can  include;  ore and fuel  fragments;  technical  ceramics,  including
crucibles and tuyères; and the materials most frequently found, which are the process-generated
residual waste products known as slags.
Slags  represent  a  particularly  important  source  of  physical  evidence  that  can  be  used  in  the
investigation  of  past  metallurgical  activities,  and  there  are  a  number  of  attributes  that  make
metallurgical  slags  especially suitable  as  a  source  of  evidence  to  the  archaeometallurgist.
Metallurgical slags are almost universally found deposited within, or in close proximity to metal
production  sites,  with  a  low  probability  of  extensive  spatial  displacement;  this  allows  for  the
explicit association of the material deposited to the site that is under investigation. This type of
material is typically stable in terms of chemical susceptibility to post-depositional degradation, and
as  such  will  frequently  exhibit  good  preservation  within  the  archaeological  record.  Slags  are
regularly found in relatively large quantities on metalworking sites, and due to their waste material
aspect they are unlikely to be looted before a controlled archaeological recovery can be conducted;
also  their  status  as  waste  materials  generally  means  that  there  are  far  less  issues  surrounding
destructive sampling for further analysis.
 
Slags can be considered as the remnant bi-products of the controlled high temperature chemical
reactions that are prevalent  during deliberate metallurgical activities. As such, these materials are
directly  related  to  the  ores,  metals,  fluxes  and processes  involved in  these  activities;  and their
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scientific investigation may be used to reveal many technical aspects of these practices. In this
particular study it is iron slag that will be examined, and iron slag can be divided in to two distinct
types  according  to  the  metallurgical  process  from  which  they  originated,  these  processes  are
smelting and smithing. 
Smelting  slags  are  those  which  are  produced  when  metalliferous  ores  are  converted  via
carbothermal reduction to isolated metal. Iron ores generally contain numerous unwanted minerals,
collectively termed gangue, which need to be separated from the newly forming metal. The most
common gangue mineral found in iron ores appears in the form of silica, which will readily react
with iron monoxide forming iron silicate. Iron silicates exhibit the properties of a low-viscosity
liquid  at  normal  smelting  temperatures,  and  will  easily  separate  from the  solid  and  otherwise
immobile metal via the influence of gravity; liquefied iron silicate will also tend to dissolve other
minor  gangue  minerals  on  contact,  providing  a  sink  for  these  compounds.  This  will  result  in
smelting slags being formed predominantly of iron silicate (fayalite) and iron monoxide (wüstite),
often with smaller quantities of glassy material formed from the vitrification of the minor gangue
minerals.
Smithing slags are those produced through high temperature oxidation of metallic iron during hot
working. Iron metal is heated to incandescence in the smithing hearth to make it sufficiently plastic
and malleable to be worked and shaped in to the desired form, and during this process the metal will
experience surface oxidation at  an accelerated rate due to the high temperatures involved. This
surface oxidation may be minimised somewhat by controlling the hearth conditions to provide a
localised  region  with  a  more  reducing  atmosphere,  but  it  cannot  be  prevented  entirely.  As the
metal’s surface oxidises it forms a solid crust of ‘platelets’ or ‘scales’ composed of mixed iron
oxides,  which  continually  expand,  fragment  and  detach  from  the  surface,  exposing  the  metal
beneath to further oxidation. The detached iron oxide scales fall in to the hearth and accumulate in
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it’s  bottom,  where  they  fuse  together  under  the  high  temperature  conditions,  resulting  in  the
formation of smithing slag. The smithing process may involve an additional chemical component
known as a flux, which is applied to the bare metal surface to provide an oxygen barrier thereby
preventing excessive oxidation and reducing metal loss; the flux can also act as an agent to clean
and prepare the metal surface for forge welding. These fluxing compounds will also accumulate in
the heath bottom, alongside the iron oxide scale, becoming incorporated in to the smithing slag.
This results in smithing slags that are composed primarily of iron oxides or iron oxides with fluxing
compounds. If the fluxing compound is silica, fayalite is often formed in the smithing slag.
The overall aims of any studies in to the archaeometallurgy of iron are generally orientated towards
elucidating the development and variability in the metallurgical techniques and methodologies, as
employed in a particular region or over a specific time period; or they will  attempt to provide
absolute information in regards to dating, provenance and production volumes. The data gathered in
these studies is typically viewed in light of the wider knowledge framework, allowing comparisons
to  be  drawn  between  different  metalworking  sites,  geographical  areas  and  time  periods.  This
information can then be used to attempt to answer both general and specific questions, with regards
to  the  site,  the  processes  and practices  that  were undertaken,  which may provide insight  in  to
broader archaeologically relevant inquiries. Slag analysis can provide an opportunity to advance our
knowledge and understanding of individual archaeological sites, as well as highlighting the wider
technological,  social  and  economic  aspects  of  past  communities.  This  area  of  research  is  also
important  to  the  investigation  of  the  origins  and  evolution  of  one  of  the  most  important
technological development leading to industrialisation.
There have been numerous archaeological studies dealing with the investigation and analysis of iron
slags, covering many different time periods and regions of the world. The majority of these studies
have been focused primarily  on smelting  slags,  whilst  smithing  slags  have  in  general  received
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significantly less attention. This study aims to extend the knowledge base and potentially provide
new insights  into  metallurgical  activities  by  focusing  on the  investigation  and analysis  of  two
assemblages of smithing slags, both of which have been collected from sites located in the southern
Levant,  and  have  been  dated  to  the  medieval  or  Middle  Islamic  period.  There  are  very  few
investigations or descriptions of smithing slags from this geographical region, and none with the
particular age range of the specimens selected for this  study. Additionally,  none of the material
evidence examined in this study has received any previous scientifically orientated examination or
analytical work. These factors make both of the slag assemblages chosen for this investigation ideal
candidates for scientific examination and further research.
The primary rationale of this study is to investigate a number of previously unanalysed smithing
slag assemblages, preferably from regions or periods which have received little preceding attention,
and to determine what information scientifically orientated slag analysis of this material type can
actually  provide,  whilst  at  the  same  time  testing  a  number  of  non-mainstream  methods  and
hypotheses. This study was not undertaken with the aim of discovering a complete answer, but was
rather conducted to see what information could potentially be revealed, and to increase the general
body of knowledge for this material type, particularly in this apparently overlooked region of the
world. It was noted by McDonnell (1986, 226) in his Ph.D. thesis that: the lack of comparative data
was very apparent, particularly of smithing slag analysis. Therefore, an expansion of the database
is an essential requirement. With regards to this statement, there are still relatively few studies that
focus primarily on smithing slags. Those studies that do exclusively examine smithing slags, or
mixed assemblages of both smithing and smelting slags, tend to interpret all of the analytical results
according to  methods developed for the classification of smelting slags.  This approach is  most
likely due to the difficulty involved in unambiguously differentiating smelting and smithing slags
on the basis of their chemical composition alone, resulting in all slag assemblages being treated as
deriving from smelting processes in terms of composition data interpretation (McDonnell  1986,
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1989,  1991).  A number  of  studies  conducted  by  Serneels  (1993),  Serneels  and  Perret  (2003),
Bauvais (2007) and  Eekelers  et al (2016) have looked specifically  at  smithing slags,  with the
studies by Serneels and Perret producing a structured classification framework for smithing slags
according  to  their  composition  and  texture.  The  Serneels  and  Perret  classification  system  is
orientated specifically towards iron-silicon-oxygen smithing slag systems, indicating three process
specific textures that can be further sub-divided into eight categories (Serneels & Perret 2003).
Almost all of the published chemical analytical data with regards to both smelting and smithing
slags are represented as stoichiometrically calculated simple oxides. This simple oxide model of
elemental data collection has a number of shortcomings and, as such, is not necessarily an ideal
system for representing the actual slag chemistry. The simple oxide model makes an assumption
with regards to oxidation states and compound neutrality,  which can often result  in the over or
under representation of predicted oxygen content, when compared to actual oxygen content: as non-
equilibrium systems rarely result in the formation of completely neutral compounds. Many slag
systems  are  actually  composed  of  numerous  non-stoichiometric  compounds,  mixtures  of
compounds and solid state solutions, additionally a number of elements commonly found in slags
can exhibit variable oxidation states. Some important and potentially diagnostic compounds that are
not represented using this simple oxide model include: iron oxides and other element-oxides with
variable oxidation states, ferrites and carbides.
An alternative elemental  based representation of  composition has been proposed,  where all  the
individually detected elements are reported as such, rather than allowing the software involved to
automatically convert the elements to simple oxides. This has been made possible through the use
of a modern detector system, which allows for the detection and quantification of elements as light
as  carbon.  The  proliferation  of  light  element  capable  detectors  has  allowed  for  the  direct
measurement of oxygen content, thereby allowing the oxygen variability to be investigated; and this
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oxygen variability can be used as an indicator of how close to stoichiometric ideal a particular
compound or mixture of compounds is. This is particularly important considering both the non-
equilibrium nature and the redox conditions of the slag forming processes. As noted previously the
majority of preceding studies present their results as simple oxides, and comparability of data is of
great importance. The result collected using the elemental based method can easily be converted to
simple oxides using the oxide ratios published by Potts et al (1992), meaning that the results of this
study and of others that use elemental data collection can remain comparable to those of other
studies which use the simple oxide method. The conversion of elements to simple oxides often
results in either substoichiometric or superstoichiometric totals, requiring the data to be normalised
for comparative purposes.
An examination of the non-normalised stoichiometric simple oxide totals,  as converted directly
from elemental values, for all detected elements (except oxygen) was conducted in an attempt to
determine the most probable, dominant iron oxide species present in each specimen; this method
will be referred to as the  iron-oxygen method. In this method, oxide values were calculated from
elemental data for both ferrous (Fe2+) and ferric (Fe3+) iron oxide species, and whichever of these
iron oxide species produced an overall oxide total closest to one hundred percent was considered to
be the most representative. As iron oxide is the dominant compound in virtually all of the slag
samples, iron's oxidation state should have the greatest effect on the total for oxygen and therefore
the overall total.  This information has been used in an attempt to indicate the most likely redox
condition that each of the slag specimens were subject to at the time of formation.
There are few scientific slag investigations that include extensive chemical analysis data, imaging
data  and phase  percentage  data  together.  Many studies  will  tend  to  focus  mainly  on  chemical
analysis  results  with  only  a  few  images  included  to  highlight  specific,  pertinent  or  unusual
structures;  other  studies  focus  on  images  only  and  identify  phases  according  to  their
35
micromorphological appearance, whilst providing little or no actual chemical analytical data. In this
study a simple and repeatable method of image interpretation and analysis, using a free and open-
source software application called ImageJ, will be introduced. Backscatter electron images captured
by the electron microscope have been used to  determine the types and proportions of different
phases present in each of the samples. This is accomplished by identifying each individual phase
according to its unique grey-scale range on the backscatter image, with each identified phase being
subject  to  a  minimum of  three  x-ray  point  analyses  per-phase  to  determine  the  most  probable
general elemental composition of that phase. Backscatter electron images are a specialised type of
image that visualises differences in chemical composition, with a lighter grey-scale indicating a
greater  proportion  of  heavier  elements.  The  ImageJ  software  allows  rapid  assessment  of  the
percentage per unit area of each phase according to its grey-scale. 
This  technique has proven to be an effective method of  determining the quantities  of  different
phases that are present in each image. Although the application of this method is only a proof of
concept in this study, if  a larger number of images are collected per sample,  the method could
potentially provide a phase-proportion average in a similar manner to the way EDX data collection
can  provide  an  average  elemental  composition.  As  such  this  technique  can  be  viewed  as
complimentary to EDX elemental analysis.
Over a period of six years from 2005 to 2010 excavations and surface collections at the site of Tell
Dhiban, in west-central  Jordan have recovered,  amongst a plethora of other artefacts,  a modest
collection of iron metalworking slag cakes, slag nodules, and associated metallic objects. In the
seven years spanning 1961 to 1967 excavations at the Armenian Garden, located on the periphery of
the  south-western  wall  of  the  Old  City  of  Jerusalem,  have  also  recovered  a  large  quantity  of
archaeological materials which included a number of larger ferruginous slag cakes.
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The excavations conducted at both of these sites were not primarily orientated towards collecting
and  investigating  metalworking  evidence,  and as  a  result  of  this  there  has  been  a  bias  in  the
collection methodology with regards to macro and micro evidence, with a thorough and detailed
recovery of micro-metalworking evidence not being conducted. Even though a moderate number of
obvious and typically larger slag specimens have been hand recovered from both sites, the lack of
sieving  and  magnetic  screening  has  precluded  the  recovery  of  the  finer,  potentially  diagnostic
metalliferous materials that are often associated with smithing or smelting practices. 
This additional potentially diagnostic material can include crushed ore fragments and beneficiation
ore remains, both of which are indicative of smelting. And smaller ejecta material in the form of
spherical slag droplets, which are indicative of bloom consolidation and purification, also termed
primary smithing. Platelet-shaped spallation fragments and spherical droplets composed of iron-
oxides or iron-silicates, known collectively as hammerscale are indicative of hot-working during
secondary smithing of purified metal.  All of this additional evidence is process specific and can
assist  in forming a clearer overall  picture of what types of metalworking processes were being
conducted on a given site.
The metalworking evidence from both of these sites has been dated using the relative methods of
stratigraphic  relationship  and  association,  and  can  be  considered  as  representative  of  material
deposited between the 13th Century Ayyubid period, and the 14th Century Mamluk period, however
precise dating is difficult, particularly for the Tell Dhiban specimens.
According to Routledge (2004) the majority, if not all, of the iron working remains collected from
Tell Dhiban are from the Mamluk period (ca. 1341 CE to 1458 CE), however, some of the slag
specimens may be from the earlier Ayyubid period. This ambiguity is due, in part, to the currently
incomplete knowledge of artefact sequences from the Middle Islamic period, combined with the
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possibility that a number of the slag finds from Tell Dhiban have been recovered from disturbed
contexts or surface collections (Routledge et al 2009).
The slags collected from the Armenian Garden have a suggested date of ca. 1212 CE to 1227 CE for
the Ayyubid specimens, and ca. 1350 CE to 1500 CE and possibly later for the Mamluk specimens
(Tushingham 1988). The dates for these specimens are far more reliable as the specimens were
recovered from continuous and undisturbed burial contexts with associated typologically datable
artefacts.
This study began with the selection of a number of ferruginous slag specimens from the Tell Dhiban
collection held at the University of Liverpool. A total of twenty-six specimens were selected, with a
cumulative mass of approximately 7.2kg. An additional eleven specimens with a cumulative mass
of approximately 14.1kg were selected from the Jerusalem, Armenian Garden collection held at
Manchester Museum.
The  slag  specimens  selected  from the  Tell  Dhiban assemblage  were  divided in  to  two sets  to
represent both the larger morphologically identifiable smithing slags, and what are considered non-
diagnostic smaller slag nodules. This was carried out to deliberately allow the comparison, in terms
of structure and composition, of these two smithing slag types. Non-diagnostic slag pieces, which
often represent  the largest  number of  individual  specimens recovered from a smithing site,  are
generally disregarded as candidates for analysis by archaeometallurgists as they are thought to be of
little or no particular scientific value.
Each of the individual slag specimens were selected according to their physical attributes, such as
colour and appearance, morphology, density, and magnetism. Only positively identifiable iron slags
were selected for further study. During the selection process a number of corroded iron objects,
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oxidised iron  pseudomorphs, fuel ash slags, and fuel fragments were identified and rejected.
The desired outcome of this study is the production of an extensive database of chemical analysis
results and microscopic images, acquired through the use of the scanning electron microscope with
energy dispersive x-ray spectrometer (SEM-EDX), that can be used to shed light on the processes
and practices being employed by the blacksmiths of both Tell Dhiban and the Armenian Garden, as
well as allowing comparisons to be drawn between these two sites, and to other smithing sites. The
non-mainstream  methods  of  direct  elemental  composition  determination  and  ImageJ  phase
percentage image analysis will be introduced, together with various methods of data interrogation
and  interpretation,  including  oxygen  content  analysis  and  the  iron-oxygen  method.  The
development and intricacies of ferrous metallurgy will also be explored, along with the chemistry,
physical chemistry, and thermodynamic processes involved in the formation of the products and by-
products of these systems. This information has been included to provide a more holistic scientific
approach to the investigation of this material type and to develop a better understanding of the often
complex systems involved.
At the outset of this study a number of additional analytical techniques were considered, including:
micro-Raman  spectroscopy,  electron  backscatter  diffraction  (EBSD),  energy  dispersive  x-ray
fluorescence spectroscopy (EDXRF), portable x-ray florescence spectroscopy (pXRF) and x-ray
diffraction (XRD). Some of these techniques, namely EDXRF, pXRF and XRD, were immediately
available for testing and received brief preliminary trials, however the outcomes of these trials were
in general unsatisfactory (see: 7.10.5 pp.327). The poor outcomes of these initial tests are most
likely  due  to  issues  relating  to  both  experimental  parameters  or  limitation  and  proper
standardisation of the instruments. As such, further use of the techniques trialled in this study were
abandoned, and the application of the other techniques considered was ruled out, as their use would
be beyond the scope of this Ph.D. within the given financial and time constraints.
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1.0.1 Aims and Objectives
The  first  aim  of  this  study  is  to  extend  the  general  body  of  knowledge  with  regards  to
archaeological  iron  slags,  whilst  at  the  same  time  providing  potentially  new  insights  into
metallurgical activities in the medieval Levant, through the scientifically-orientated investigation of
two previously unanalysed smithing slag assemblages. The results of this investigation will be used
to draw a comparison between the two sites of Tell Dhiban and the Armenian Garden, and both the
imaging and chemical data collected will be compared to the current smithing slag classification
framework proposed by Serneels and Perret (2003) (see: 2.0 pp.89).
The second aim of this study is to apply the information gathered using scientific methods to test a
number of non-mainstream methods and hypotheses including: the collection of chemical analysis
results  as  individual  elements  rather  than  simple  oxides,  and the  comparison of  stoichiometric
representation and direct measurements of oxygen content; and the assessment of a software based
image analysis technique which can provide a repeatable determination of phase proportions, and
the comparison of these image-based investigations to the results of the chemical analyses. 
These aims will be accomplished through the completion of a number of distinct objectives, listed
below:
 Collect a macroscopic photographic image database of all of the individual slag specimens.
 Collect data with regards to physical attributes of the slag specimens (mass and dimensions).
 Collect EDX elemental composition data as stoichiometrically calculated simple oxides.
 Collect  EDX elemental  composition data  according to  individual  elements  and compare
these results to those of the simple oxides.
 Investigate variations in stoichiometry.
 Collect a backscatter electron image database to examine and compare microstructure.
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 Use  ImageJ  software  to  examine  backscatter  electron  images  and  determine  phase
distributions and relative abundances.
 Investigate heterogeneity and variability  within individual  specimens and across the two
smithing slag assemblages.
 Examine reactions involved in iron redox chemistry, including thermodynamic processes.
 Introduce a methodology for chemical analysis by EDX.
 Compare and evaluate the different methodologies and techniques examined in this study.
 Make a number of recommendation for future investigations and research.
1.1 The Scientific Examination of Slags
Science is a systematic method by which we can describe, explain and predict reality. The basis of
all  modern  science  is  rooted  in  the  scientific  method which  involves  systematic  observations,
measurements and experimentation which results in the formulation of testable, demonstrable and
falsifiable  hypotheses.  Upon successful  testing  of  a  proposed  hypothesis,  that  is,  a  statistically
significant number of test results that agree with said hypothesis, the hypothesis can progress to a
scientific  theory  which  may  or  may  not  be  concordant  with  current  scientific  paradigms. If  a
significant change in understanding occurs, a shift in the general consensus and overall paradigm
can take place, leading to a greater overall understanding and can often open up new avenues of
inquiry and research. The testing of a hypothesis that results in the rejection of said hypothesis is
also a beneficial result, as it indicates that this avenue of research may not be viable.
Archaeology is the study of past human activity, primarily through the recovery and analysis of
material culture and environmental data (Renfrew & Bahn 1991, 37). Archaeology as a science
relies upon empirical evidence, and up until the late 1950's this was mostly limited to developing
typological and chronological sequences based on the physical attributes of artefacts and systematic
stratigraphic  excavations.  The  development  of  processual  archaeology in  1958  led  to  the
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widespread adoption and application of the scientific method to archaeological studies (Renfrew &
Bahn 1991). This new method of investigation and interpretation was used to create a framework
which better described past events and cultural processes. Archaeological science or archaeometry
has the potential to revise our understanding of the past, as well as providing significant additional
information through the use of scientific techniques (Tite 1991).
The scientific examination of archaeological slags is often conducted with a number of specific
goals in mind. These can be broadly divided in to two categories;  technological assessment, and
provenance  determination (Bayley  et  al 2001,  8).  Beyond  these  categories  the  elemental,
mineralogical  and  structural  data  that  can  be  revealed  using  modern  instrumental  scientific
techniques may also be collected and used to produce a framework of typical compositions and
structures for any given macromorphology, process, region or time period. Any newly collected
datasets can be viewed in light of this framework and comparisons can be drawn, and any potential
patterns, correlations or differences can be elucidated. In addition to these categories, it is often
desirable to invoke scientific dating methods to determine an absolute chronological date for slags.
The  slag  body  material  itself  cannot  be  directly  dated,  however,  slags  can  contain  numerous
inclusions which can reveal information regarding date.  Two types of inclusion are particularly
important when attempting to date slags, these are; charcoal, which is composed primarily of the
element carbon and can be dated using radiometric methods; and quartz crystals, which can be
dated by luminescence methods (Haustein & Krbetschek 2002).
Whether these scientific goals are achievable with any degree of confidence, and what the results of
analysis  actually  mean  in  terms  of  interpreting  the  archaeology  is  an  entirely  different  matter.
Looking at the abundance of published literature dealing with analyses of archaeological slags it is
clear  that  the  results  obtained  are  often  open  to  over-interpretation,  or  are  ambiguous  in  their
conclusions  and do not  provide  any real  insight  into the archaeological  framework.  Also there
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appears to be no consensus on the investigative procedures and methodologies employed, which can
have a significant impact on the comparability and interpretation of the collected data. In light of
these  observations  an  important  question  to  ask  is:  what  information  does  slag analysis  really
reveal? Below, both of the aforementioned categories of technological assessment and provenance
determination will be examined in greater detail and with a degree of critical appraisal.
It should be noted that both bloomery smelting slags and smithing slags show very little chemical
and structural variation over both time period and geographical region, and cannot be used in this
sense to provide any form of dating or provenance information.
1.1.1 The Technological Assessment of Slags
The technological assessment of slags is often an obscure and complicated field. There are many
studies  that  claim to  reveal  various  technical  aspects  of  the  smithing  and smelting  process  by
determining slag compositions and plotting the results on a phase diagram of a similar chemical
system (Rehren et al 2007, Charlton et al 2010, Sharp & Mittwede 2011).
An example of this approach is that of  Rehren  et al (2007, 212), where two compositional and
thermal optima are identified on a corrected ternary diagram plot of FeO-SiO2-Al2O3. These optima
positions indicate the lowest melting points of a slag at each given composition, and are described
as follows;  “These temperature minima are also areas which maximise slag fluidity relative to
energy inputs. They are optimal engineering solutions for bloomery smelting and may reflect iron-
making behaviour within specific socioeconomic contexts.” However it appears significantly more
probable that both the raw ore composition and the idiosyncratic routine of the smelting process
itself exhibit the greatest influence over composition, regardless of other potential factors, which
results in very similar plot positions for this general process, making the suggested plot patterns
behaviourally independent.
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Many of these studies will often attempt to estimate a metalsmith's skill level and methodological
choices  based  on  calculated  optimum  iron  slagging  conditions  as  determined  using  isotherm
temperatures  and  eutectic  compositions.  These  conditions  supposedly  reveal  details  of  process
control and efficiency by examining how close to these calculated optima the collected results lie.
However, the relevancy of these findings is questionable, as the slags produced would never have
completely  achieved  equilibrium  conditions.  Also  the  predicted  solidus-liquidus  transition
temperatures and eutectic optima often cited in these studies could never be truly realised in a
bloomery  furnace,  and  therefore  any  information  elucidated  using  these  methods  will  not  be
representative of the skills and choices of the metalsmith but rather the potential slag composition
types, based on absolute isotherm values and the ore's composition.
In addition to this, the phase diagram solidus-liquidus transition isotherm values will not typically
reflect the actual operating temperatures of the furnace and, as the viscosity of the newly forming
slag within a furnace is inversely proportional to temperature, the slag that is developed must be at a
significantly higher temperature than these predicted values to produce a sufficiently low viscosity,
free-flowing slag-melt that will effectively separate from the bloom. There is no current method of
assessing how much hotter than the predicted isotherm value a slag was at the time of formation.
Even  though  predicted  phase  diagrams  cannot  provide  information  regarding  absolute
thermodynamic conditions due to equilibrium deficiency, they do give insight in to the chemical
systems involved, and potential compounds and solid solutions that can be formed, this method may
also be able to predict the dominant bulk composition type. This information may be used to predict
phase  composition  to  some  extent,  and  to  examine  relationships  between  individual  samples
according to their bulk compositions. The usefulness of phase diagrams should be more pronounced
for smelting slags than for smithing slags as smelting slags were once fully molten and closer to a
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quasi-equilibrium state.
Smelting slags derive their bulk chemical composition predominantly from their ores, as such, the
composition of the iron ore itself will have the greatest influence on the resulting slag plot-positions
on a phase diagram, and will have very little to do with any technical choices or decisions of the
metalsmith, unless fluxes were involved. As such these aspects cannot be used to predict or infer
technical  choices,  furnace  temperatures,  or  intent  of  optimum  efficiency.  The  only  significant
aspects of choice to a metalsmith were those of fuel and ore selection, which they would probably
have very little control over. Another potential aspect of choice would be charge ratios, that is, the
quantity of ore to fuel, however, this too would to some degree be dependent on the quality of the
ore and of the fuel, and on the technical knowledge of the metalsmith.
Additional factors influencing the compositional variability of slags and therefore the plot positions
on a phase diagram include the presence of minor and trace elements introduced from the charcoal
fuel ash, minor and trace elements introduced from the use of fluxes, and the furnace design and
construction itself. 
Fuel ash can potentially contribute a number of elements to slags, particularly calcium, and often
potassium and phosphorus, however this contribution is typically relatively small and insufficient to
have a great affect on the overall slag composition (Crew 2000).
Calcium minerals, particularly carbonates, may have been used as fluxing agents in iron smelting
processes  to  slag  silicate  gangue  minerals,  thereby  reducing  the  loss  of  iron  as  fayalite.  It  is
currently unclear to whether this was practised to any extent in early bloomery furnaces, as iron
ores are considered to be self fluxing, negating the necessity of an additional fluxing compound
(Rostoker & Bronson 1990). Also the addition of excess calcium minerals to a charge can lead to
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the undesirable side effect of a  frozen furnace, where slag and bloom do not separate due to the
formation of a very high viscosity immobile slag (Tylecote 1962). Calcium minerals, particularly
calcium silicates, may also have been used to some extent as smithing fluxes, which can melt and
produce  a  protective  crust  on  a  metals  surface  at  lower  temperatures  than  silica  only  fluxes
(Rosenqvist 1983 ).
Silica fluxes may have occasionally been used in smelting processes and were extensively used in
smithing processes, typically in the form of crushed silica minerals or siliceous sand. In smithing
practices the crushed silica was applied directly to the metal's surface to reduce the potential for
surface oxidation and unwanted decarburisation during hot working and welding (Serneels & Perret
2003). Silica fluxes may also have been employed in smelting processes to promote slag formation
in silicate poor iron ores, or iron ores high in other non-silica gangue minerals (Charlton et al 2012).
The addition of silica minerals to a smelting charge provides a sink for otherwise immobile oxides,
which can combine with the silica to form a liquid slag.
The  design  of  the  furnace  itself  will  also  influence  the  slag  composition  to  some extent.  The
composition  of  the  furnace  walls  or  furnace  lining  will  often  contribute  both  minor  and trace
elements to any contacting slag.  Iron rich slags can be particularly corrosive to aluminosilicate
furnace linings resulting in elements including silicon and aluminium being incorporated into the
slag in greater quantities.
For a slag to incorporate additional elements from sources such as the furnace lining and fuel ash,
intimate contact between these sources and the slag are necessary.  And the longer this intimate
contact is maintained, whilst the furnace it at  operating temperature,  the greater the quantity of
additional  elements  that  will  be  incorporated  into  the  contacting  slag.  Due to  low mixing and
diffusion potentials within the slag melt, this may have very little influence on the overall bulk
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composition of the slag, with the elemental exchange limited only to the contacting regions. The
uptake of elements such as aluminium, magnesium, titanium, silicon and calcium in the contacting
slag will also result in a localised increase in slag viscosity, causing this altered slag layer to adhere
to the contact surfaces forming a deposition layer,  whilst the less effected, lower viscosity slag
flows over its surface and away. This results in the formation of a distinct ceramic-rich slag, which
is composed primarily of molten glassy furnace lining, characterised by high silicon and aluminium,
and low iron (Blakelock et al 2009, Crew 2000). As well as contact time and high temperatures, the
chemical composition of the bulk slag itself will have a distinct affect on the extent to which the
slag can incorporate elements from it's surroundings, with slag basicity controlling whether the slag
will incorporate either basic or acidic oxides (Moore 1990).
Both the size and shape of the furnace will determine the charge volume and its spatial distribution.
The size, shape, wall thickness, and any openings in the furnace will also determine its insulating
properties  and  gaseous  exchange  potential.  These  design  factors  will  influence  efficiency,
achievable temperatures and redox potentials.
Generally speaking high quality and well prepared ores will result in a high quality metal product
and an efficient extraction, whereas poor quality ores and/or poorly prepared ores will result in both
an inefficient recovery and a poor quality metal product. How important these aspects of ore quality
and ore preparation were to a metalsmith depended entirely on a number of factors, these include
the  intended  use  of  the  metal  product,  the  availability  of  ore,  and  the  availability  of  fuel.  In
situations where ore and fuel were plentiful, an less efficient process resulting in only a partial
recovery of metal  would be acceptable.  And in situations where a  lower quality  metal  product
would  suffice,  a  poorer  quality  ore  or  a  less  well  controlled  smelting  process  would  often  be
acceptable.
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A commonly  attested  belief  is  that  the  quantity  of  both iron  oxide and iron  silicate  present  in
smelting slags can be used as an indicator of extraction process efficiency (Bachmann 1982, Fells
1983, McDonnell 1986, McDonnell 1991, Selskienė 2007, Humphris et al 2009). These particular
aspects are not necessarily an indicator of extraction efficiency, but rather they are related to the ore
composition, the ore-to-fuel ratio, and the addition of any fluxes. However, the total quantities of
free iron oxide present in slag can be used as an indicator of the overall efficiency of the process,
which can be used to infer the level of technological understanding (McDonnell 1991), with little or
no free iron oxide being indicative of an efficient process, and large volumes of free iron oxide
being indicative of an inefficient process. The quantity of dissolved iron oxide in smelting slag is
also involved in viscosity modification and may have deliberately been encouraged to form, to
reduce the free-flowing temperature of the slag melt.
The cooling rates of slag can potentially be estimated by examining crystal sizes and shapes, this is
particularly  the  case  for  fayalite  (Donaldson  1976).  This  method  could  reveal  aspects  such  as
whether the slag cooled in-situ in the furnace. For slag fragments with no particular morphological
attributes,  this  method could be used to  distinguish between tap  slags,  which  cooled relatively
quickly outside the furnace, and furnace bottom slags which typically cooled much more slowly
inside the furnace. If slag cakes are left in-situ within a furnace during multiple smelting events, it is
possible that the microstructure of the slag will change with the heating-cooling cycles, forming
new phases and crystal systems.
1.1.2 Determining Metal Yields
There are numerous publications dealing with the estimation of metal yields based on the quantities
of  recovered slag (Dungworth 2012,  Buchwald 2005, Bisson & Vogel  2000).  This is  generally
limited to smelting slags only and not smithing slags. The estimation of production yields can pose
a major problem, as the quantity of metal recovered from the ore is highly dependent on the furnace
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conditions and design, as well as ore-fuel-flux ratios. As a result of this, the quantity of smelting
slag  produced  and  recovered  may  not  accurately  reflect  the  amount  of  metal  produced.  Yield
estimation is also dependent on the quality and composition of the ore, the quality of the fuel, and
the technical expertise of the metalsmith. If many of these variables are known to some extent, such
as fuel composition, ore composition, furnace design, and slag composition, then a more accurate
prediction may be made (Buchwald 2005).
Additionally, any attempt to estimate production yields has to account for slag removal and disposal
regimes that may have been employed at the metalworking site. The archaeological recovery of
slags from a site also has to be considered, with incomplete or unrepresentative collection being
accounted  for.  The  quantities  of  slag  will  vary  from site  to  site  depending  not  only  on  these
aforementioned factors, but also on the scale of production and the temporal extent of industrial
activity. All of these factors make yield determination based on slag quantities an often imprecise
and potentially misleading exercise (Buchwald 2005) .
Depending on the  extent  of  the  slag collection  from a  given site,  and the  availability  of  other
relevant archaeological information, the quantity of smelting slag can be an indicator of the scale of
the metal smelting industry. The quantities of smithing slag may also be indicative of the scale of
metalworking industry, but will have very little, if any, bearing on the total amount of iron worked
as a skilled and efficient metalsmith will produce very little smithing slag. A better indicator of a
metalsmithing industry would be the presence of  hammerscale. Some specific examples of yield
calculations for smelting slags have been included in later chapters.
1.1.3 Absolute Dating Methods Applied to Slags
As previously noted, the absolute dating of slag is an often desirable outcome of the application of
scientific  techniques.  The  more  traditional  methods  of  dating,  such  as  typological  sequencing,
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cannot be easily applied to slags and there is no current method of producing an absolute date for
de-facto slag  body material.  However,  slag can often  collect  and encapsulate  material  from its
surroundings during the time of its formation, and it is these encapsulated exogenous materials that
can be subjected to absolute dating methods.
The slag specimens examined in this study have had no scientific absolute dating methods applied
to  them,  with  any  dates  provided  coming  from association  with  typologically  datable  artefact
collected alongside the slag specimens. However, there are a number of specimens in both the Tell
Dhiban sets and the Armenian Garden set that exhibit the necessary prerequisites for the application
of absolute dating methods.
There  are  two methods  of  absolute  dating  that  can  be  successfully  applied  to  slags,  these  are
radiocarbon methods and thermoluminescence methods. Both of these methods will be examined in
more detail below.
1.1.3.1 Radiocarbon Method
Charcoal is the most common fuel utilised in both bloomery furnaces and smithing hearths, and
charcoal inclusions are commonly observed trapped within the internal structure of smelting and
smithing slags (Fig.1.). This charcoal is approximately 95% carbon by mass and is often sealed
within the slags structure, reducing the possibility of contamination over time by external sources.
These charcoal inclusions can often be good candidates for the application of radiocarbon dating.
Carbon has two naturally occurring stable isotopes these are 12C and 13C which make up 98.93% and
1.07%  respectively  of  all  carbon  atoms  in  nature.  Carbon  also  has  a  number  of  short-lived
radioisotopes  ranging  from  8C to  22C,  and one  long-lived  radioisotope  14C or  carbon-14 which
exhibits a half-life of 5,730 years (Taylor & Aitken 1997). Carbon-14 is found in trace amounts in
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nature and is formed via the action of cosmic rays on the Earth’s atmosphere. When cosmic rays
interact with the Earth’s atmosphere they can generate neutrons, which can then be captured by the
stable nuclei of nitrogen-14 (14N). This results in the transmutation of  14N to 14C by the following
mechanism.
The newly formed carbon is rapidly oxidised to carbon dioxide which enters the carbon cycle. This
radioactive carbon dioxide is then taken up by plants through photosynthesis where it enters the
food chain and is incorporated into all living organisms in the biosphere. The quantity of 14C in the
atmosphere,  hydrosphere  and biosphere  is  fairly  constant,  and the  causes  of  variation  are  well
understood (Bowman & Leese 1995). When an organism dies, the uptake of carbon-14 into that
organism ceases,  and its  quantity will  subsequently decrease at  a slow rate  through radioactive
decay. As radioactive decay occurs at a known constant rate, irrespective of chemical environment
or temperature, it can be used as a clock, with the difference in the predicted initial quantity of 14C
compared  to  the  current  measured  quantity  indicating  how  long  that  clock  has  been  running.
Radiocarbon  dating  can  be  used  to  date  carbon-containing  materials  with  an  age  range  of
approximately ten times the half-life, which is around 60,000 years (Aitken 1990).
BR41.19.9
BR43.4.66
Fig.1. Two examples of charcoal inclusions in slag specimens from the Tell Dhiban set.
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The images in Fig.1. show charcoal fuel fragments trapped within slag specimens from the Tell
Dhiban set.  There are a number of specimens in the Tell  Dhiban sets that display encapsulated
charcoal,  which  could  potentially  be  used  for  radiocarbon  dating.  It  was  revealed  in  personal
communications with Dr. Bruce Routledge that a small number of these specimens may be selected
for radiocarbon analysis in the future to confirm or refute date estimates. Within the Armenian
Garden collection held at Manchester Museum is a quantity of individual charcoal fuel fragments,
that were collected from the same contexts as the slag specimens, these charcoal fragments may
also be potential candidates for radiocarbon dating.
1.1.3.2 Thermoluminescence Method
Slags will often contain primary minerals incorporated from the local environment (Fig.2.), along
with the  secondary minerals which form artificially from the pyrometallurgical process. Primary
minerals are termed relics (Haustein & Krbetschek 2002), and one of these relic minerals, quartz,
can potentially be used to date the slag.
Quartz is a crystalline variant of silicon dioxide (SiO2), which exhibits a continuous SiO4 silicon-
oxygen tetrahedra framework. Quartz can occur as many different varieties, and is very common in
the Earth’s crust, it is actually the second most abundant mineral after feldspar (Morgan & Anders
1980).
When quartz is irradiated by either non-ionising radiation or ionising radiation, free electrons within
the  crystalline  structure  can  be  promoted  to  an  excited  state,  lattice  defects  in  the  crystalline
structure  can  then  trap  some of  these  electrons  in  their  excited  state.  Over  time  these  excited
electrons  accumulate  in  these  electron  traps  within  the  quartz,  due  to  the  effect  of  natural
background radiation.  If  the  quartz  is  then  heated,  phonon excitation  of  the  crystal  lattice  can
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release these trapped excited-state electrons causing them to relax back to their to ground-state with
the simultaneous emission of a photon of electromagnetic radiation. This type of emission is termed
thermoluminescence, and is the basis of the thermoluminescence dating method.
When quartz crystals are incorporated into the body of a slag, the heat that they experience resets
the accumulated excitation state, effectively resetting the electron traps. Then, over time, the dose of
radiation received by the quartz, known as the  palaeodose, begins to cause the accumulation of
excited electrons within the crystal lattice once again. 
Before thermoluminescence dating is conducted the radiation dose rate must be determined. This is
accomplished through the use of alpha particle spectroscopy and gamma ray spectroscopy which
can be used to assess the types and quantities of radionuclide present in the slag. Once the radiation
dose rate is known, the accumulation rate of excited electrons can be calculated.
When the quartz crystals from a slag sample are heated or exposed to an intense monochromatic
light source in the laboratory, the excited electrons relax to their ground state and light is emitted
that is proportional to the accumulated palaeodose absorbed by quartz. The intensity and duration of
this emitted light allows the amount of time that has passed since the electron traps were reset to be
determined.
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BS44.45.143 SA206
Fig.2. White silicon-dioxide (quartz) inclusions within the body of two slag samples. 
The images in Fig.2. show sub-millimetre sized quartz inclusions (white spots) trapped within the
slag bodies of specimens from the Tell Dhiban sets (left image) and the Armenian Garden set (right
image).  These  types  of  mineral  relics  are  examples  of  potential  candidates  suitable  for
thermoluminescence dating.
Due to the complex and specialist nature of the absolute dating techniques examined above, and the
associated high financial and time costs involved, routine application of these methods is neither
practical nor cost effective.
1.1.4 Differentiating Between Smelting and Smithing Slags
A question that is regularly asked of archaeometry is; can the metallurgical process that formed a
slag be determined. That is, can we tell if a slag originates from a smelting or smithing process
using  scientific  techniques.  As  smithing  slags  are  formed  under  fairly  different  physical  and
chemical processes to those of smelting slags, it would be reasonable to assume that there could be
a number of aspects, that can be determined by scientific methods, which can be observed to differ
to  some extent  and in  certain  cases  significantly  between  these  slag  types.  It  is  clear  that  the
chemical  composition of a slag specimen,  particularly when it  is  represented as simple oxides,
provides no significant indicator of the formation process, with both smelting and smithing slags
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typically exhibiting very similar compositions. It was stated by McDonnell (1986) that there is no
single attribute of a slag specimen that can be used to unambiguously differentiate between smelting
and smithing.
In terms of the chemistry of slags, McDonnell (1986) suggests elevated manganese levels could be
indicative of smelting slags, however, the source of the manganese present in a smelting slag would
be  from the  ore,  a  flux,  the  fuel,  or  the  furnace  lining,  and  if  none  of  these  sources  contain
manganese this method would not be applicable. Therefore this statement is most probably incorrect
as there are too many potential sources, and many analysed smelting slags exhibit no detectable
manganese.
Iron oxide and silica rich smithing and smelting slags and are quite often remarkably similar in both
chemical composition and microstructure, and it is almost impossible to distinguish between these
slags  on  the  basis  of  their  chemistry  alone  (Bachmann  1982).  However,  the  slag's  macro-
morphology and quantity may indicate which process they originated from.
Multi-aspect investigation of slag could provide a deeper understanding of the types of processes
that  were  occurring  (Bachmann  1982).  This  multi-aspect  investigation  should  begin  with  a
macroscopic examination of the slags to determine size, shape and mass of each of the individual
slag pieces. As well as the overall quantity, by number of individual specimens, and by total mass of
the collected slag assemblage. 
Currently,  the  macro-morphological  appearance  of  individual  slag  pieces  is  considered  as  the
primary characteristic that can be used to differentiate between smelting and smithing slags. And it
is this method which has formed the basis of all slag classification frameworks (McDonnell 1986 &
1991,  Buchwald  2005).  Examples  of  the  application  of  this  method  can  be  found  in  the
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classification of planoconvex slag cakes as being derived from the smithing process, whilst lava-
like slag pieces with distinct flow structures are indicative of smelting processes.
However these observations are not always clear-cut. Planoconvex slag cakes can form in both
smelting furnaces and smithing hearths, being called furnace bottoms and smithing hearth bottoms
respectively. When smelting slag from a non-tapping furnace is allowed to pool in the bottom of the
furnace structure undisturbed, upon solidification it will exhibit an almost identical planoconvex
appearance  as  a  smithing  hearth  bottom.  If  a  tap  slag or  rake slag  from a smelting furnace is
transferred in to  a pit,  it  will  take the form of that pit,  potentially  forming a slag cake with a
planoconvex  appearance.  Therefore  this  particular  morphological  aspects  may  not  be  entirely
characteristic  of  a  specific  process,  as  both  furnace  bottoms  and  smithing  hearth  bottoms  are
potentially indistinguishable. Paynter (2006) suggests that it may be possible to distinguish furnace
bottoms from smithing hearth bottoms by their typically larger size.
Smithing slags are highly unlikely to exhibit flow structures under any circumstances, as it is very
unlikely that they would form a free flowing, fully molten liquid. Instead they are more likely to
form as high viscosity semi-solid masses. This makes any slag pieces that exhibit flow-structures a
very good potential indicator of smelting. Slags that exhibit flow-structures are also characteristic of
a  specific  type  of  furnace,  the  tapping-furnace.  If  this  flow-structure  aspect  alone  is  used  to
determine  if  slags  are  generated  through  smelting,  non-tapping  smelting  furnaces  will  not  be
accounted for. It should be noted that the morphology or typology of a slag does not in any way
reflect its chemical composition.
The quantity  of  slag in  an assemblage  may indicate  the formation process,  as  it  is  typical  for
smithing  processes  to  generate  significantly  smaller  quantities  of  slag  than  smelting  processes
(Buchwald 2005). This observation does not account for the size of the industry or the time over
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which it was operating, both of which could also account for larger quantities of slag. Also the skill
of the metalsmith and the value of the raw metal would also be a factor, with unskilled metalsmiths
producing significantly larger quantities of smithing slag; and cheap, readily available raw metal
allowing for the practising of inefficient smithing techniques.
As noted previously, other sources of physical evidence should also be examined, if available, as
this  can  potentially  assist  in  the  interpretation  of  slag  assemblages.  This  evidence  can  include
microscopic  materials  that  are  indicative  of  a  specific  type  of  process,  such  as  hammerscale
(Veldhuijzen 2005, Dungworth & Wilkes 2009, McDonnell 1986). And any other relevant artefacts
and material collected from the site that are associated with either smelting or smithing, or both
processes. Due to the Tell Dhiban and Armenian Garden excavations not focusing primarily on the
recovery of evidence for metallurgical activities, much of this  additional material  evidence was
likely  overlooked  and  not  collected,  and  as  such,  this  source  of  evidence  is  not  available  for
examination and interpretation.
Using the electron microscope it may be possible to differentiate, at least to some extent, between
smelting and smithing slags based both on microstructure and the elemental composition of each
individual phase that is present in a slag sample. The microstructure of slag, when viewed as a
backscatter  electron  image (BEI),  can  provide  a  large  amount  of  information,  allowing  the
identification of phases as well as revealing characteristic shapes and structures. Combining this
with quantitative EDX elemental analysis of each phase it may be possible to identify compounds
and structures characteristic of specific conditions or processes.
Conducting quantitative elemental analysis on each of the individual phases observed in all of the
slag samples, and determining the quantities of each of the phases present was one of the desired
outcomes of this study, as the quantities and compositions of each of the phases present may be a
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potentially characteristic aspects of this material. The primary aim of this examination would have
been to identify particular iron oxide types according to oxygen content and stoichiometry, as well
as identifying any additional phases and characterising them according to stoichiometric variability.
However, due to instrumental limitations with the electron microscope used in this study it was not
possible  to  acquire  both  quantitative  elemental  results  and  high  resolution  backscatter  images
simultaneously, therefore only qualitative EDX spectra were collected for each phase. These EDX
spectra have been used to infer the most likely elemental composition of each phase, but could not
be used to provide quantitative numerical results.
All  of the Tell  Dhiban and Armenian Garden  smithing slags specimens examined in this  study
exhibited phases composed of mixed iron oxides, and many exhibited calcium silicates, calcium
ferrites and metallic iron phases. A smaller number of specimens exhibited a high silicon content
glassy phase which exhibited numerous minor elements in its composition.
The smelting slag control specimens examined in this study exhibited no metallic iron, no calcium
silicates, and no calcium ferrites. All of the smelting slag control specimens also exhibited fayalite
and a high iron anorthite glass, and all of the Ramla slags contained distinct 'wüstite' iron oxide
dendrites.
It is hypothesised that certain compounds commonly observed in both smelting and smithing slags,
particularly wüstite and fayalite, should only form under strongly reducing conditions, such as those
that  occur  within  a  smelting  furnace.  When  these  compounds  are  exposed  to  a  hot  oxidising
environment, like that which is prevalent in a smithing hearth, they are likely to be converted, at
least to some degree, into other similar and related more oxidised compounds.  This would mean
that both wüstite and fayalite should only occur in any quantity in smelting slags, as they would be
rapidly  oxidised  in  a  smithing  hearth.  However,  empirical  observations  of  smithing  slag
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compositions  conducted  by  others  (McDonnell  1989,  Crew 1996,  Serneels  &  Perret  2003,  Le
Carlier et al 2007, Dunster & Dungworth 2012, Young 2012)  indicate that this is not the case.
Microscopic  examinations,  along  with  both  chemical  and  mineralogical  analyses,  have  clearly
demonstrated that many smithing slags contain both wüstite and fayalite regardless of the calculated
redox stability of these compounds. It is possible that extremely localised conditions within the
smithing hearth and potentially within the nascent accumulation of smithing slag itself, could create
an environment that allows for the formation and preservation of these compounds.  This could
occur due to the reduced surface area to volume ratio of the forming slag cake leading to diminished
gas  interaction,  preventing  oxidation  of  the  internal  material  and  allowing  diffusion  and  ion
exchange processes to occur at elevated temperatures, deep within the body of the material.
It is possible that both wüstite and fayalite can be stabilised to some extent, effectively inhibiting
oxidation,  by  the  presence  of  calcium  and  aluminium  respectively,  which  cause  long  range
topotactic  transitions  within  the  crystalline  structures  of  these  compounds,  even  at  very  low
concentrations (Tazi  et al 1995). However, some degree of decomposition and oxidation of these
compounds will inevitably occur under hot oxidising atmospheres. This will result in small scale
structural  and  compositional  changes  taking  place,  which  may  not  be  detected  using  routinely
applied techniques such as PXRD, XRF or EDX.
Both wüstite and fayalite are commonly identified in slag sections on the basis of their microscopic
appearance, as they are considered to exhibit particularly characteristic microstructures, known as
dendrites and laths respectively, which can easily be identified in a backscatter image (see Fig.3.)
(McDonnell 1986). Compounds identified as wüstite and fayalite in this manner may actually be
similar mixed and non-stoichiometric compounds, such as mixed iron oxides and fayalite-laihunite
solutions  respectively,  which  will  exhibit  identical  microstructures.  It  was  noted  by  Dunster  &
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Dungworth (2012) that the appearance of well defined dendritic structures within smithing slags is
not necessarily indicative of wüstite,  as both magnetite and mixed iron oxides can also exhibit
similar or identical microstructures upon recrystallisation.  Magnetite may also recrystallise with
equiaxed and euhedral crystal structures similar to hercynite and fayalite. There may also be other
compounds  present  that  form  very  similar  microstructures,  making  visual  identification  alone
inconclusive. Confirmation that the microstructures observed are indeed the compounds anticipated
is therefore a requirement,  as compounds such as calciowüstite,  calcium aluminium ferrite,  and
laihunite, which are all significantly more stable under hot oxidation, can form similar dendrite and
lath microstructures that are potentially visually indistinguishable from wüstite and fayalite.
The uniformity of microstructure and phase composition of slags may also infer formation process
in some cases, with smithing slag generally displaying significantly more variability in both phase
chemistry and microstructure. This may be due to smithing slags forming from accreted iron oxide
particulates or an accumulation of molten iron oxide and iron silicate droplets, whilst smelting slags
were once fully molten allowing the formation of distinct and sometimes well defined crystals and
glasses (Fig.3.). 
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A. Smelting tap slag
B. Smelting furnace slag
Fig.3. Backscatter electron images of slag showing characteristic microstructures. (A) This sample
displays three phases; the off-white phase is wüstite; the light grey phase is fayalite; and the dark
grey phase is glass of near fayalite-anorthite composition. (B) This sample displays two phases; the
light grey phase is fayalite; and the dark grey phase is fayalite-anorthite glass.
The electron microscope can also be used to determine the overall bulk composition of a slag via
multiple area analysis and averaging, this elemental data may shed some light on to the potential
formation  process.  Determining bulk  elemental  composition  of  the  slag  and applying the  iron-
oxygen method may also allow for the differentiation between oxidising and reducing formation
environments, which in turn can be used to ascertain which formation process the slag was most
likely generated by. Combining all of these methods may provide an answer to whether a slag was
formed through either smelting or smithing.
To  summarise,  the  most  commonly  applied  method  of  determining  whether  a  slag  specimen
originated  from  either  a  smelting  or  a  smithing  process  is  by  examining  the  macroscopic
morphology of the slag piece (McDonnell 1986). This method is of limited usefulness in that it can
only  be  applied  to  slag  specimens  which  exhibit  characteristic  macro-morphological  attributes,
eliminating much of the amorphous lumps and fragmentary slag evidence which is often collected
(McDonnell  1989).  Additionally,  what  are  typically  considered  as  characteristic  macroscopic
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attributes of slag specimens can often be ascribes to slags generated through different processes
(Paynter 2006). It is therefore more useful to consider a holistic multi-aspect investigation of slag
specimens; this includes examination of associated materials, quantities of recovered materials, and
the  use  of  analytical  techniques  to  investigate  additional  elemental  and  structural  properties
(Bachmann 1982).  However,  as is  the case for the specimens examined in this study, there are
numerous slag collections which contain little or none of this additional material evidence, with
only the more obvious and larger slag cakes and fragments being recovered. The use of modern
powerful analytical tools such as the SEM-EDX, XRD and Raman spectroscopy may provide an
insight in to variables and characteristics that would otherwise be undetected and as a result would
remain uninvestigated.  The use of these analytical techniques for the investigation of slags can
provide precise, quantifiable data that can potentially be used to reveal much more about individual
slag specimens and slag collections.
1.1.5 Provenance Determination of Slags
Provenance determination is generally carried out with the aim of identifying a potential ore source
or potential ore sources that were exploited in the production of metal at a specific site or region.
The reverse may also be true, where a known ore source is linked to an individual or number of
metal  smelting locations,  individual  slags,  or  metallic  artefacts.  Determining the most probable
provenance of metallic artefacts by tracing them back to a specific metal smelting location, or ore
source, based on the composition of slag inclusions, known as SIs or stringers, is also common
practice  (Buchwald & Wivel  1998,  Blakelock  et  al 2009).  SIs  are  frequently observed in  both
bloomery iron and wrought iron (Starley 1999).
These  provenance  determination  methods  are  based  on  the  principle  that  the  compositional
characteristics  of  smelting  slags  can  be  related  to  the  type  of  ore  smelted  (Paynter  2006).
Information gained using these methods, regarding ore sources and the dissemination of metallic
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objects,  can provide an insight  into both economic and social  aspects  of  metal  production and
distribution.
Ore provenance is an often desirable goal of scientific slag analysis, the most common techniques
of linking ores to slags are through trace element analysis and stable isotope ratio analysis (Pernicka
1999). For reasonable predictions of provenance to be made regarding ores, a good understanding
of the ores chemistry is essential, and there are a number of obstacles that can be encountered when
attempting  this  type  of  study.  Firstly  geological  ore deposits  are  generally  heterogeneous,  with
many deposits showing zoning (Abu-Ajamieh 1988). Trace element concentrations can vary over
several orders of magnitude throughout a deposit,  fortunately this variation may not be entirely
random, allowing predictions to be made (Potts et al 1992). Another problem is that the remaining
ores  present  in  mines  today  may  not  be  representative  of  the  ore  extracted  during  historical
activities (Pernicka  et al 1993). Also the mobility and transfer of some elements from the ore to
either the metal or the slag is strongly depends on the smelting temperature (Tylecote et al 1977).
The use of mixed ores from various sources or the use of recycled metals and high iron content
slags during a smelt complicates matters, also addition of crushed iron slag to the furnace as a flux
may have been practised, adding further sources of error.
Ore-slag linking is typically only conducted for smelting slags, as this type of slag is a direct sink
for undesirable materials present in the ore, and characteristic trace element profiles associated with
these undesirables may, to a greater or lesser degree, be carried over from the ore to the slag. There
are  potentially  a  large  number  of  trace  elements  which  may  be  present  in  slags  whose
concentrations  are  predominantly governed by the mineralogical  composition of the ore and in
principle may be used for provenance determinations (Pernicka 1999). However there are other
trace elements that will be present that are more closely related to the smelting process itself, so are
of little use in provenance studies (Pernicka 1999).
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Trace element  analysis  may,  in  some cases,  be  applied to  the linking of  smithing  slags  to  ore
sources, as characteristic trace elements that may be present in the ore may also be carried over into
the metal, and as this metal is oxidised during the smithing process these element will be deposited
in  the  accumulating  metal  oxide  smithing  slag.  There  are  a  number  of  elements  which  could
potentially  be  transferred  from the  ore  to  the  metal,  then  to  the  smithing  slag,  however  these
element may not be characteristic of a particular source. The elements that are useful in this kind of
provenance  determination  can  be  broadly  categorised  into  two  groups  according  to  their
geochemical  kinetics,  and these are;  siderophiles and  chalcophiles  (Goldschmidt  1937,  Otto  &
Witter 1952, Pernicka 1999, Zhang 2008). The siderophile group includes the elements; Mn, Fe, Co,
Ni, Mo, Ru, Rh, Pd, Re, Os, Ir, Pt, and Au. And the chalcophile group includes the elements; S, Cu,
Zn, Ga, Ge, As, Se, Ag, Cd, In, Sn, Sb, Te, Hg, Tl, Pb, Bi, and Po. Of these elements, As, Sb, Ag,
Ni, and Bi, are considered to be the most useful in determining the original ore source (Otto &
Witter 1952).
Stable isotope analysis is a powerful method of provenance determination, and can potentially be
applied to both smelting and smithing slags. The majority of the chemical elements have at least one
stable isotope associated with them and many elements exhibit multiple stable isotopes. Elements
are defined by the number of protons contained in their nucleus, this is called the atomic number.
The nucleus also contains a number of neutrons, the quantity of which does not significantly affect
the chemical characteristics of the element, however, it will have an effect on the overall mass and
potentially the stability of the nucleus. Differing numbers of neutrons can result in both stable and
radioactive isotopes of the same elements. The word isotope comes from the Greek iso meaning 'the
same' and topos meaning 'position', as isotopes occupy the same position on the periodic table of
elements. As the name suggests stable isotopes are not radioactive and do not decay, this means that
their quantities will remain the same over time. 
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In the application of stable isotope analysis, elemental percentage is to a large degree irrelevant, and
the isotopes of interest can range from major components to ultra-trace levels, as it is the ratio of
different stable isotopes of the same element that is of interest. The ratios of stable isotopes present
in a  given material  will  typically  stay the same regardless  of  the physical  or chemical  process
through which the element has been. There is a possibility of some degree of isotopic fractionation
during certain processes, particularly biological processes, but this effect is typically very minor
(Pernicka 1999).  Some elements  commonly used in isotopic studies include lead and strontium
(Pollard & Heron 1996).
Stable isotopes that are characteristic of the ore from which they originated may be carried over in
to the  smelting  slag and/or  the metal  during the  smelting process.  Isotopes  of  interest  that  are
carried over into the metal may also be detected in associated smithing slags. 
It must be noted that stable isotope analysis of slags may not provide an absolute method of ore
provenance  determination,  as  there  is  always  the  possibility  that  the  ore  may  exhibit  a  wide
variation  in  stable  isotope  ratios  (Hauptmann  et  al 1992).  Also  due  to  the  behaviour  of  stable
isotope  fractionation  in  nature,  many  ore  sources  will  display  overlaps  in  ratio  values.  A
combination of both trace element  and isotopic methods may overcome the limitations of each
technique to some extent, providing better discrimination between sources (Pernicka et al 1984).
Due to the typically heterogeneous nature of pre-industrial slags it is dubious whether trace element
analyses alone are of any true value in provenance studies of this material type, with many slag
specimens  exhibiting  significant  spacial  variability  in  major,  minor,  and  trace  elemental
components.  However,  in some cases notable patterns in  the concentrations of minor  and trace
elements can provide a compelling indicator of provenance, this is particularly the case for ores that
exhibit specific characteristic or unusual elements (McDonnell 1991).
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As with  the  characterisation  of  any material  that  displays  a  wide  variability  in  composition,  a
sufficiently large sample set is required, which is then subject to a large number of repeat analyses
to provide results that can be verified statistically, so they can be shown to be representative. Even
so there are many additional factors which may influence the outcome of the results and therefore
any conclusions which are drawn from the data.
Many  of  the  problems  encountered  when  interpreting  the  meaning  of  these  analytical  results
originate  from  the  dynamic  and  variable  nature  of  the  smelting  process,  with  no  universally
accepted and practised method. The general smelting process and its procedure of implementation
displays many similarities, however, different metalsmiths would implement their own particular
methods and procedures. The addition of components such as fluxes, and recycling of materials,
including  metals  and  high  iron  content  slags  will  complicate  matters.  Fuel  selection,  furnace
temperature and atmosphere control will add yet another dynamic.
In  well  controlled  experiments  the  results  of  trace  element  and  isotopic  analysis  can  provide
compelling and sometimes irrefutable evidence of provenance. Combining these scientific findings
with geographic, historical and socio-economic information can provide a more holistic insight into
metallurgical activities and potential sources of raw materials.
1.1.6 Analytical Techniques Applied to the Investigation of Slag
There are numerous analytical techniques that can be applied to the investigation of archaeological
slags.  Most  commonly  it  is  desirable  to  determine  the  elemental  or  atomic  composition,  the
molecular and/or crystalline structure, and the isotopic composition of a slag. It is also considered
advantageous to use a number of imaging techniques.
Common techniques that can be used for elemental analysis are; Atomic Absorption Spectroscopy
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(AAS),  Atomic  Emission  Spectroscopy (AES),  X-Ray Fluorescence  (XRF),  Neutron Activation
Analysis (NAA), Mass Spectroscopy (MS), Particle Induced X-ray Emission (PIXE) and Energy
Dispersive X-ray (EDX) analysis. XRF, PIXE and EDX all use essentially the same detector types,
and differ only in their mode of excitation.
Many of these techniques can be elaborated on depending on specific experimental parameter such
as Flame AAS (FAAS) and Graphite Furnace AAS (GFAAS); Inductively Coupled Plasma (ICP) as
in  ICP-AES and ICP-MS; Energy Dispersive  XRF (EDXRF) and Wavelength  Dispersive  XRF
(WDXRF); portable XRF (pXRF); Fast NAA (FNAA) and Prompt Gamma NAA (PGNAA) to give
just a few examples.
NAA is very rarely used today as it leaves the sample radioactive for many years after analysis and
it requires a suitable nuclear reactor to act as the neutron source for initial  irradiation.  MS can
provide elemental, molecular and isotopic information, depending on the type of instrument and the
experimental parameters. MS is currently the only method of determining stable isotopes, and can
also be used to determine radioactive isotopes. An additional technique used for the identification of
radioisotopes is gamma-ray spectroscopy.
Techniques  often  used  for  molecular  analysis  include  the  previously  mentioned  MS,  plus  the
vibrational spectroscopic techniques of Raman spectroscopy and Infrared spectroscopy (IR or more
often FTIR for Fourier Transform). Raman and IR are used to examine quantized molecular bond
vibrations and can identify bond types on this basis. They differ in their methodological application
and  have  different  activity  selection  rules,  as  such  they  can  be  considered  complimentary
techniques.  The  selection  rule  for  Raman  spectroscopy  favours  symmetric  systems  making  it
particularly useful for examining crystalline structures.
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X-Ray  Diffraction  (XRD)  and  Electron  Backscatter  Diffraction  (EBSD)  are  the  most  often
encountered methods of structural analysis, and are termed crystallographic techniques due to the
caveat that the sample must be crystalline. They provide information about atomic spacings within
crystal lattices and can be used to determine the atomic and molecular structure of a crystal. Even
though  these  techniques  cannot  be  used  to  identify  amorphous  phases,  they  can  be  used  to
determine the quantity of an amorphous phase.
Imaging techniques can include photography, photomicrography, microscopy, and x-ray imaging.
Microscopy and photomicrography are inextricably linked, as it is the microscope that produces the
photomicrograph. Microscopy can also be divided into optical microscopy and electron microscopy.
These can be further sub-divided into petrological microscopy and metallographic microscopy for
optical microscopy, and transmitted electron imaging (TEI), secondary electron imaging (SEI) and
backscatter electron imaging (BEI) for electron microscopy. Both optical and electron microscopy
techniques can also be used to produce a specialised type of image called a cathodoluminescence
image, which can reveal otherwise invisible microstructural features.
Photography is a useful method of collecting and representing image information, pictures can often
provide more detail than other forms of data collection and representation. Photography is typically
conducted in the visible band of the electromagnetic spectrum, but it can also be used in the infrared
or ultraviolet band, this is often termed hyperspectral imaging.
X-ray  imaging  allows  the  viewing  of  the  internal  structure  of  opaque  objects.  It  can  non-
destructively provide information about deep internal structures and density, and is often used to see
how much metal is present within slag. The imaging technique of x-ray mapping, which is unrelated
to  x-ray  imaging,  is  possible  using  the  SEM-EDX,  providing  a  visual  representation  of  the
distribution and concentration of elements present.
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Less  common analytical  techniques  that  are  occasionally  applied  to  slags  are  Particle  Induced
Gamma-ray  Emission  spectroscopy  (PIGE),  Rutherford  Backscatter  Spectroscopy  (RBS)  and
Mössbauer spectroscopy.
There are other more specialist and exotic analysis techniques that could potentially be applied to
the analysis of archaeological slags, and there are a number of examples of these techniques being
applied to modern slags. The majority of these techniques are base on the use of x-rays and include
X-ray Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS), X-ray Absorption
Fine Structure (XAFS), Electron Energy Loss Spectroscopy (EELS) and neutron diffraction.
Each  analytical  technique  has  its  own particular  advantages  and  disadvantages,  sensitivity  and
precision.  Some  techniques  are  destructive  whilst  other  are  not.  Many  of  the  techniques  are
complimentary  as  they  examine  various  different  aspects,  that  when  viewed  together  provide
significantly more information. Factors such as sample preparation regimes, analysis time and cost
can often be the limiting consideration in analytical technique selection.
In this study the major and minor elemental components have been determined by EDX, and a
small number of mineralogical analyses have been conducted by XRD. EDXRF and pXRF were
also tested with poor results. Raman spectroscopy was a possibility early in the study, but had to be
abandoned due to analysis costs.
The SEM-EDX technique was central  to  the research carried  out  in  this  study,  providing both
chemical analysis and images of microstructures. The use of the SEM-EDX technique is extremely
common in archaeological  sciences as it  is  non-destructive to  the sample,  and provides a  large
amount  of information.  There is  no other technique that  comes close to the capabilities of this
system, and as such it is the technique of choice for first-look analyses and general research in many
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scientific fields. The targetability of the chemical analysis was also of significant importance to this
study, as the subject material was very variable in nature, and the SEM-EDX system allowed for the
analysis of microscopic inclusions and boundaries, as well as the avoidance of altered material and
inclusions when conducting bulk analyses.
Even though FAAS was available in the archaeology laboratory for trace element analysis, its use
was deemed unsuitable and unnecessary for this study as sample preparation would be complicated,
with the dissolution of silicates and oxides, and maintaining them in solution without precipitation.
And in light of the sometimes extreme variability of major and minor elements within individual
samples, as determined by EDX, the relevance of trace element analysis would be questionable.
McDonnell (1991, 26) commented that; there have been significant advances in the trace element
analysis of slag, however it is not clear what questions are being asked of these analyses, and due
to the poor current understanding of slag formation processes the data is very often of limited value.
All of the elemental analysis data presented in this study is in the form of mass fraction or weight
percent (wt%),  rather  than  atomic  percent (at%).  Weight  percent  has  been chosen over  atomic
percent as the vast majority of studies present their data in this way, this allows for immediate
comparison of results  without conversion.  It  is possible to convert  between weight percent and
atomic percent using a simple equation if necessary.
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Fig.4. Location of Dhiban, Jerusalem and related sites in the southern Levant. White area indicates
the  modern  territories  of  the  Hashemite  Kingdom  of  Jordan.  (Image:  Modified  from
NordNordWest/Wikipedia)
1.2 Tell Dhiban, Jordan
The modern township of Dhiban is located on the Madaba-Dhiban plateau in west-central Jordan
(Fig.4.). It is situated between the Wadi Sakran to the west and the Wadi Dhiban to the north, and is
approximately five kilometres north of the Wadi al-Mujib, six kilometres south of the Wadi al-Wala,
twenty kilometres east of the Dead Sea, and sixty-five kilometres south of the capital Amman. The
modern township itself is positioned at an elevation of approximately seven-hundred and twenty-six
metres above sea level (Ji 2007). The prominent remains of the Iron Age settlement of Tell Dhiban
are located on the north-western peripheries of the modern town (Fig.5.). The Tell itself covers an
area of approximately twelve hectares and rises forty-one metres above the surrounding ground
level at its northern end (Porter et al 2010) (Fig.6. & Fig.7.). The geology of Tell Dhiban consists of
layers of limestone, chalk, chert, and marlstone laid down in the upper one hundred metres of the
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sedimentary stack. Beneath this are alternating layer of limestone, dolomite, marlstone, sandstone
and shale.
The climate at Tell Dhiban is characterised as a  hot-summer Mediterranean climate or as a  dry-
summer subtropical (Csa) climate according to the Köppen-Geiger climate classification system.
This  manifests  as  hot  dry summers  and mild,  moist  winters.  The daily  mean temperatures  for
Dhiban range from a minimum of 7.7˚C in January to a maximum of 23.5˚C in August. The yearly
average low and high temperatures range from a minimum of 10.3˚C to a maximum of 22.6˚C, with
an overall mean annual temperature of 16.4˚C. Monthly mean rainfall for Dhiban ranges from a
minimum of 0mm in June, July, August and September to a maximum of 81mm in January. The
total annual rainfall is 346mm. Relative humidity ranges from a low of 35% in May to a high of
61% in January, with an yearly average of 45%. These values reflect the modern meteorological
conditions and do not account for historical variations in regional and global climate, however they
do provide an indication of the most probable prevailing climatic conditions and patterns over the
post  depositional  period  (Regional  climatic  data  for  Tell  Dhiban  was  retrieved   from climate-
data.org)
Archaeological evidence collected from Tell Dhiban and the immediate surrounding areas indicate
that the site has witnessed casual and intermittent habitation over the last five thousand years, with
the earliest evidence for settlement and persistent occupation being during the Early Bronze Age 1b
of the fourth millennium BCE (~3100 BCE) (Porter et al 2007, Tushingham 1972, Morton 1989).
After this initial  period of habitation there is very little archaeological evidence for any further
appreciable occupation or development until the later Iron Age (900 – 600 BCE) (Porter et al 2010).
A further three periods of activity are prominent in the archaeological record; the Nabataean period
(140 BCE – 106 CE), the Byzantine and Early Islamic Periods (~400 – 800 CE), and the Middle
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Islamic Period (~1250 – 1500 CE) (Porter et al 2010, Whitcomb 1992, Tushingham 1972, Morton
1989).
Tell Dhiban's extensive and repeated settlement history is most likely due to the towns location in
close proximity to the King's Highway, which was a vitally important trade route connecting Egypt
and the Levant with Anatolia and Mesopotamia. Together with the Via Maris and the Ridge Route,
the King's Highway was one of the major trade routes in the ancient Near East (Juengst 2002).
During  the  14th Century  the  King's  Highway  also  connected  Tell  Dhiban with  other  important
Mamluk towns in the region including Amman and Hisban to the north, and Kerak to the south
(Adelsberger et al 2010, Porter 2010).
This study will be focusing on the Middle Islamic period (~1000 CE to 1400 CE), at which  time
Tell  Dhiban was a  substantial  and well  developed community.  During the Early Islamic period
(~600 CE to 1000 CE) the settlement at Tell Dhiban experienced a  stage of rapid development.
There is some conjecture to the exact date that this development began, which could be in the 7 th to
8th Century Umayyad period or the 8th to 9th Century Abbasid period (Tushingham 1972, Routledge
2004).
By the 13th Century Ayyubid period and the 14th Century Mamluk period the settlement would have
been  an  extensive  and prosperous  village.  At  this  time  Tell  Dhiban  would  likely  have  been  a
location  of  strategic  importance,  as  it  was  positioned  on  the  boundary  of  Mamlakat  Dimashq
(Mamluk administrative  district  of  Damascus)  and Mamlakat  al-Karak  (Mamluk administrative
district of al-Karak) (Porter 2010).
Archaeological evidence indicates that the Middle Islamic settlement at Tell Dhiban occupied an
area of approximately five hectares located in the central  region of the Tell  (Field L),  with an
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additional one to two hectares of residential or mixed-use occupation towards the south-eastern
ridge of the Tell (Adelsberger et al 2010).
The Tell Dhiban archaeological materials used in this study were provided by Dr. Bruce Routledge
from the  University  of  Liverpool.  Each of  the  specimens  has  a  unique  identifier,  for  example
BQ43.5.78, where BQ43 is the square number, 5 is the location number and 78 is the pail number.
All  but six of the Tell Dhiban specimens were recovered from Field L, which is located at  the
central region of the Tell (Fig.8.). Below, figures five and six show satellite images of the modern
township of Dhiban along with the medieval Tell, figure seven shows the location of Field L on a
topographical image of the Tell, and figure eight shows the grid squares of Field L along with some
architectural features.
Fig.5. Satellite image of modern Dhiban, with the Tell clearly visible to the North West.
(Image: TerraMetrics 2001)
74
Fig.6. Satellite image of Tell Dhiban, with numerous structural remains visible.
(Image: TerraMetrics 2001)
Fig.7.  Tell  Dhiban  topographical  map  detailing  Field  L.  Note  the  outline  of  the  quadrilateral
structure on the western slope, this structure is clearly visible on the satellite images and can be
used as a point of reference. (Image: Porter et al 2010)
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Fig.8. Map of Field L, with phase 2b architectural remains. This image also displays the grid square
location reference. (Image: Porter et al 2010)
Table.1. Specimen data for Tell Dhiban, Jordan. Note: Specimen A was found without a context
sheet, records indicated that it was most likely associated with specimen BQ43.10.71 (Specimen B).
The largest slag nodule in a collection, shown in bold in the mass column, was selected for analysis.
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Site Season Field Square Location Pail Date Comment (No. Pieces) Mass Set
DHB 2005 L BQ43 1 9 2/8 Slag 42.6g 2
DHB 2005 L BQ43 10 71 16/8 Slag 2903g (Specimen A) 1
DHB 2005 L BQ43 10 71 16/8 Slag 1327g (Specimen B) 1
DHB 2005 L BR41 19 95 18/8 1
DHB 2005 L BR41 23 119 24/8 SG9  Slag 2
DHB 2005 L BR43 32 68 7/8 Slag 827g 1
DHB 2005 L BR43 32 75 7/8 Slag 210g (Previously Sampled ~ Estimated Total) 1
DHB 2005 L BR43 34 90 15/8 Slag 187.4g 1
DHB 2005 L BR44 8 80 21/8 Slag 102.2g 1
DHB 2005 L BS44 43 114 9/8 Slag 1
DHB 2005 L BS44 45 143 16/8 Slag 11.6g 2
DHB 2005 L BS44 46 187 28/8 Slag 31.7g 2
DHB 2005 L BS45 56 156 22/8 156.2  Slag 21.1g 2
DHB 2009 ~ BE46 1 2 6/7 Slag 62.2g 2
DHB 2009 ~ BE46 1 9 7/7 Slag 14.7g 2
DHB 2009 L BR41 1 138 25/6 SG23  Slag 40.3g 2
DHB 2009 L BR42 5 60 1/6 Slag 34.3g 2
DHB 2009 L BR47 6 34 27/7 Slag 3.8g 2
DHB 2009 L BS43 1 17 29/6 Slag 62.6g 2
DHB 2009 L BS43 4 66 6/7 Slag 292g 1
DHB 2009 L BS43 4 82 8/7 Slag 24.3g 2
DHB 2009 L BS43 12 159 20/7 Slag 11g 2
DHB 2010 ~ CE27 5 67 30/6 2
DHB 2010 ~ CE27 7 73 1/7 1
DHB 2010 ~ CE27 8 123 5/7 Slag 191.6g 1
DHB 2010 ~ CE27 9 132 6/7 2
Slag + Fe (2) 147g (Fe Nail 5.3g)
(2) 1.1g 12.6g
(4) 7.3g 15.6g 0.8g 162.9g
Slag + Fe (4) 44.6g 25g 7.5g (2.7g Fe Nail)
Slag + Fe (8) 198.8g 48.2g 19.9g 3.8g 7.5g (Fe Nails 3.1g 8.2g 2g)
Slag + Fe (5) 18.7g 18.8g 17.9g 7.9g (5.9g Fe Nail)
Table.2. Size measurement data for a select number of specimens from Tell Dhiban. The specimens
were selected on the basis of their mass, with all specimens ≥147g being selected for measurement,
as it was these larger specimens that displayed the most uniform and recognisable planoconvex
appearance, often considered characteristic of smithing hearth bottoms.
1.3 The Armenian Garden, Jerusalem
The modern city of Jerusalem is located on a plateau in the Judean Mountains, approximately sixty
kilometres east of the Mediterranean Sea and twenty-five kilometres west of the northernmost end
of the Dead Sea (Fig.4.). The Old City of Jerusalem is a walled region that encloses an area of
approximately  ninety  hectares,  and  is  located  in  the  east-central  region  of  the  modern  city  of
Jerusalem (Fig.11.). The Old City is situated at an elevation of approximately seven-hundred and
sixty metres above sea level (Cabrera &  García-Serra 1998). The geology beneath Jerusalem is
formed from stratigraphic layers composed of chalk, chert, and various types of limestones in the
upper one hundred metres of the sedimentary stack. Beneath this there are alternating layers of
dolomite and limestone, together with dolomitic limestone, silicic limestone and marlstone.
The climate at  Jerusalem is  characterised as a  hot-summer Mediterranean climate or  as a  dry-
summer subtropical (Csa) climate according to the Köppen-Geiger climate classification system.
This  manifests  as  hot  dry  summers  and mild,  moist  winters.  The daily  mean temperatures  for
Jerusalem range from a minimum of 9.8˚C in January to a maximum of 25.1˚C in July. The yearly
average low and high temperatures range from a minimum of 13.5˚C to a maximum of 21.5˚C, with
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No. Max Diameter (cm) Min Diameter (cm) Max Thickness (cm)
BR43.34.90 8.0 4.7 3.9
BR43.32.68 11.5 10.3 3.8
BS43.4.66 9.7 7.3 4.3
BR41.19.95 7.0 5.8 2.4
BQ43.10.71A 16.1 11.5 8.6
BQ43.10.71B 12.1 9.0 5.4
BS44.43.114 7.9 6.7 2.9
CE27.7.73 7.7 5.5 3.6
CE27.8.123 7.6 6.2 2.8
an overall mean annual temperature of 18.1˚C. Monthly mean rainfall for Jerusalem ranges from a
minimum of 0mm in June, July and August to a maximum of 133mm in January. The total annual
rainfall is 554mm. Relative humidity ranges from a low of 35% in May to a high of 68% in January,
with an yearly average of 46%. These values reflect the modern meteorological conditions and do
not account for historical variations in regional and global climate, however they do provide an
indication  of  the  most  probable  prevailing  climatic  conditions  and  patterns  over  the  post
depositional period (Regional climatic data for Jerusalem was retrieved  from Israel Meteorological
Service).
The settlement of Jerusalem dates back to at least the early bronze age, with some of the earliest
archaeological evidence for occupation being found at Gihon Spring in the Kidron Valley, which
dates to between 4500 BCE and 3500 BCE, during the proto-Canaanite period (Slavik 2001). After
this  initial  settlement  there  is  extensive  archaeological  and  historical  evidence  of  continued
occupation,  with  the  first  historical  records  of  a  city  at  Jerusalem being  made  by  the  Middle
Kingdom Egyptians  in  ~2000 BCE (Slavik  2001).  Occupation  and activity  at  the  Old  City  of
Jerusalem have continued to this day, and the within the city are a number of important religious
sites.
The Old City of Jerusalem has been surrounded by a defensive wall since the Middle Bronze Age.
The earliest archaeological evidence for a stone wall surrounding the city is from between 1800
BCE and 1700 BCE. Today the Old City is surrounded by defensive walls which were constructed
between 1535 CE to 1538 CE under the rule of Ottoman Turkish Sultan Suleiman I (Ben-Arieh
1985). These walls were built partially on the remains of the ancient walls. 
Between the time of the earliest construction, and the construction of the modern-day walls, the
defensive walls of Jerusalem's Old City have witnessed a number of periods of destruction and
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restoration, as well as periods of expansion and alteration. Within the boundary of the walls, the Old
City  is  irregularly  divided into  four  quarters  (Fig.9.).  These  are  the  Muslim Quarter,  Christian
Quarter, Armenian Quarter, and Jewish Quarter.
Fig.9. A map depicting the current outer walls of the Old City of Jerusalem, along with the internal
divisions. (Image: modified from Costello/Wikipedia)
In 314 CE Armenia became the first country to adopt Christianity as the official state religion, and
after the discovery of Christian holy places in the city of Jerusalem, Armenian monks travelled there
to settle (Der Matossian 2011). During the 4th and 5th centuries CE a number of Armenian churches
were constructed in and around the city, including St. James Monastery. In 506 CE the Armenian
Church separated from the rest of Christianity, and in 638 CE the Armenians established their own
archbishop, Abraham I. In the 14th century, whilst under Mamluk rule the Armenians were allowed
to build a wall  around their  quarter,  providing a distinction between Armenian Quarter and the
Christian Quarter, even though the Armenians are Christian. The Armenian Quarter is the smallest
of the four quarters of the Old City, occupying an area of approximately thirteen hectares. 
The Armenian Garden is located within the walls of the Old City of Jerusalem, in the south-western
corner of the Armenian Quarter (Fig.10.). It occupies a rectangular area bounded to the east by the
Armenian  Orthodox  Patriarchate  Road,  which  runs  from north  to  south  through  the  Armenian
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Quarter, approximately seventy-five metres east of the western wall of the Old City. The southern
and western peripheries of the Garden are bounded by the present wall of the Old City.
At the time of the excavation in 1961 virtually no buildings stood in the Armenian Garden, leaving
an open area of approximately 175m by 75m (1.3125ha). During the first season of excavations
seven squares were opened, each measuring 10m by 5m, in alignment with the western wall of the
Old City (Tushingham 1985). During the following seasons some of these squares were widened to
6m or 7m. Eventually a total of seventeen squares were opened, the final two squares were located
65m north of the main group of squares near the modern city wall (Tushingham 1985). Bedrock was
exposed in about 580m2 of the approximately 1100m2 excavation (Tushingham 1985). At the end of
the excavation period in 1967, all squares were back-filled (Magness 1993).
Fig.10. Armenian Quarter of the Old City, showing the location of the Armenian Garden in the
bottom-left of the image (Image: Yerevantsi/Wikipedia).
The code letter L was assigned to the Armenian Garden excavations, and each square within the
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Garden was given a Roman numeral (I-IX; XI-XVIII. There was no square X). A page number was
assigned to each square, these were used to designate loci. Subdivisions of the integer page numbers
indicated smaller parts or components of a larger feature or deposit (Magness 1993).
All of the slag material collected at the Armenian Garden was done so under the supervision of
Kathleen Kenyon and Douglas Tushingham. The collected slags designated for further analysis and
investigation were given the sample identifier SA denoting  Sample for Analysis. The site code L
given to the Armenian Garden excavation is unrelated to the site L location code given to the Tell
Dhiban excavation.
Fig.11. Satellite image of the Old City of Jerusalem.
(Map data: Google, DigitalGlobe)
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Table.3.  Specimen  data  for  the  Armenian  Garden,  Jerusalem.  Key:  AYY =  Ayyubid,  MAM =
Mamluk.
Table.4. Size measurement data for a select number of specimens from the Armenian Garden. The
specimens were selected based on  their mass, with any specimen greater than 700g being selected,
as it was these larger specimens that displayed the most uniform and recognisable plano-convex
appearance, often considered characteristic of smithing hearth bottoms.
1.4 The Historical Ayyubid-Mamluk Period
The Ayyubid dynasty was a Muslim dynasty of Kurdish origin that was founded by Saladin, the first
Sultan of Egypt and Syria in 1171 CE (Bosworth 1996). The dynasty was initially centred in Cairo,
Egypt  and ruled  much of  Syria,  Egypt  and Jordan.  Between 1174 CE and 1183 CE territorial
expansion and conquests extended the Ayyubids control to northern Mesopotamia, Al-Hejaz and
Yemen  (Bosworth  1996).  The  Ayyubid  dynasty  maintained  its  rule  over  these  territories  and
continued to expand between 1187 CE and 1200 CE by which time its empire ruled most of the
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ID No. Square Date Collected Mass
SA196 L.XIII L.250.3a MAM 01/08/63 363g
SA198 L.XIII L.250.3b AYY 05/08/63 720g
SA206 L.XVI L.550.19L MAM 20/08/63 152g
SA213 L.XV L.451.12b AYY 21/08/63 2938g
SA235 L.XV L.454.3 AYY 03/09/63 382g
SA268 L.V L.402.14 AYY 30/07/64 1984g
SA270 L.V L.402.5c MAM 30/07/64 312g
SA312 L.I L.5.3 AYY [No Date] 707g
SA313 L.I L.2.2 AYY 29/05/62 1889g
SA356 L.XVII L.800.29 AYY 13/08/65 1970g
SA357 L.XVII L.800.29 AYY [No Date] 2672g
Contex No.
No. Max Diameter (cm) Min Diameter (cm) Max Thickness (cm)
SA198 13.3 7 4.1
SA213 21.9 13.5 9.1
SA268 16.1 11.6 4.9
SA312 12.5 11 4.2
SA313 14.6 11.5 8.2
SA356 19.7 13.4 5.9
SA357 17 13.6 9.4
Middle East.
The death of Saladin in 1193 CE resulted in a contest over control of the Sultanate and a division in
the Ayyubid unity (Humphreys 1977). Over the next fifty years the Ayyubid territory shrank with
the loss of  northern Mesopotamia, Al-Hejaz and Yemen. 
In 1237 CE the Ayyubid rulers of Syria proclaimed their desire for increased independence from
Egypt, dividing the Ayyubid territories, and in doing so they caused the Ayyubid empire to descend
in to civil war. The Sultan at this time was the fourth Ayyubid Sultan of Egypt Al-Kamil. In 1238
CE Al-Kamil died and was replaced as Sultan of Egypt by his somewhat ill prepared son Al-Adil II,
and whilst  under  his  rule  the  country  descended in  to  anarchy.  Al-Kamil's  other  son,  As-Salih
Ayyub, who had been exiled by his father and removed from succession in Egypt in 1234 CE, took
this opportunity to depose Al-Adil II and assume the Sultanate. As-Salih Ayyub became the last
ruling Ayyubid Sultan of Egypt in 1240 CE, however his position was far from secure as powerful
factions planned to depose him.
The lack  of  loyal  and trustworthy  soldiers  led  As-Salih  to  begin  purchasing  large  numbers  of
warrior slaves, known as Mamluks. These Mamluks soon became the core of the Ayyubid Egyptian
army, and As-Salih relied on them to maintain political power. As-Salih was not the first Ayyubid
Sultan to employ the services of the Mamluks, but he was the first to depend upon them so heavily
and employ them in such vast numbers. By 1247 CE As-Salih had re-unified Egypt and Syria under
Egyptian Ayyubid rule with the use of the Mamluk army.
As more Mamluks were purchased by As-Salih, the Ayyubids became increasing surrounded by
their power, and the Mamluks began to gain increasing levels of social and political influence. With
greater numbers and more influence, the power of the Mamluks increased and they began to act
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semi-autonomously. 
Then in 1249 CE As-Salih died and Al-Mu'azzam Turan-Shah became the Ayyubid Sultan in Egypt.
Turan-Shah's  reign  as  Sultan  was  brief,  when in  1250 CE he  was  assassinated  by  a  group of
Mamluks, ending the Ayyubids power in Egypt, and soon after the Mamluks claimed the Sultanate
in Cairo. A number of attempts were made by Ayyubid leaders in Syria to retake Egypt from the
Mamluks, but none were successful. 
In 1258 CE the Mongols invaded the remaining Ayyubid territories and swept across much of the
Near  East,  this  invasion  destroyed  virtually  all  remaining  vestiges  of  the  Ayyubid  dynasty
(Humphreys 1977). The Mamluk army under the command of Mamluk Sultan Baibars fought and
turned back the Mongol invaders in 1260 CE, and in the remaining power vacuum the Mamluks
seized power in Egypt, then later in Jordan and Syria. 
The Mamluk Sultanate ruled over Egypt, Syria, Palestine, Jordan, and Al-Hejaz for the next 250
years. However, another Mongol invasion in 1401 CE, combined with a weakening government and
widespread disease destabilised the entire region, and finally the Mamluks were conquered by the
Ottoman Empire in 1517 CE under the rule of Sultan Selim I. This resulted in the centre of power
moving from Cairo to Constantinople. The Mamluks were retained as dependents in Egypt by the
Ottoman Empire, forming the Egyptian ruling class.
During the Mamluk Sultanate, the Ayyubid principality of Hama was maintained, located in west-
central Syria, until its last ruler was deposed in 1341 CE. And a branch of the Ayyubid dynasty
ruled Hisn Kayfa in south-eastern Anatolia, now known as Hasankeyf in south-eastern Turkey until
the takeover of the Ottoman Empire in early 16th century.
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The unification of Syria, Egypt and Jordan under the Ayyubids and Mamluks led to a period of
prosperity, which at its height represented the pinnacle of political, economic, and cultural glory in
the Islamic era (Perry 2004).
The name Mamluk translates to property or owned slave, and the Mamluks were a warrior class of
slave  soldiers,  who  were  purchased  as  juveniles  and  received  a  strict  military  education  and
extensive military training (Ayalon 1979). Upon completion of their training the Mamluks were
discharged and freed,  but remained obedient to their  patrons.  The Mamluks formed a powerful
military caste, and the Egyptian army Mamluks were armed with the most sophisticated Eastern
military hardware of the time (Philipp & Haarmann 2007). Mamluks were considered as a higher
caste than household slaves and as such were allowed special privileges and a social status that was
above the general population. They could become officers and command other soldier, and could
even rise to the rank of Sultan.
In terms of the material examined in this study, it is unlikely that the political systems of the time
would have a significant impact on the iron production and working in the majority of small-scale
cottage industries. However it was noted by Alamri (2007) that the smelting slags of the Ayyubid-
Mamluk period do display extreme variations in silica (1~15 wt%) and lime (1~21 wt%) content.
This observed variation was most likely the result of a particularly high demand for iron during this
period and differing levels of skill and experience of the iron smelters. The iron smithing slags
examined in this study also display high levels of variability in wüstite (42~99 wt%), silica (1~21
wt%) and  lime  (1~31  wt%).  Whether  this  observation  is  coincidental,  or  whether  it  reflects  a
particular practice or process is currently unclear. It does appear, however, that the Tell Dhiban
specimens were potentially produced under less-well controlled hearth conditions, which may be
indicative that iron working was not the only pyrotechnological process occurring at this location,
with the hearths being to some extent multifunctional in their usage. This highlights a potential
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distinction between the processes being practised in Tell Dhiban and the Armenian Garden, with the
specimens from the latter location potentially exhibiting evidence of better hearth control. This may
ultimately be an indication of occasional versus dedicated smithing industries.
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Chapter 2
2.0 Literature Review & State of Research
Only a limited amount of scientific research has previously been conducted with regards to iron
production and working in the region encompassing the southern Levant when compared to studies
conducted in Europe, Anatolia and Mesopotamia (Alamri 2007). With the overwhelming quantity of
ferrous research literature generated from this region being limited to descriptions of assemblages,
with some select studies extending to examining material typologies, morphologies and quantities.
Very  few  archaeometric  studies  have  been  undertaken  that  involve  any  kind  of  chemical
characterisation of the collected material. The reason for this is not clear but may be related to a
number of factors including; the lack of this type of archaeological material being excavated, the
sometime  poor  state  of  preservation  of  this  material,  the  complex  nature  of  the  material
discouraging investigation, and the perceived lesser usefulness of the information gained by the
analysis of this material to the interpretation of the archaeological record.
Of the small number of archaeometric studies that have been carried out on ferruginous material
recovered from the southern Levant, or more particularly the immediate area surrounding the Jordan
Valley, the Dead Sea and the Wadi Arabah; the most prominent and well documented are those
conducted at Ajloun, Tell Hammeh, and Mugharet al-Warda to the east, and Jerusalem and Tell Beit
Shemesh to the west (Veldhuijzen 2000, 2005, Veldhuijzen & Rehren 2006, Veldhuijzen & Rehren
2007, Issa 2000, Alamri 1999, 2007).
One of these studies examined iron slag collected from Mugharet al-Warda, Ajloun and Bediyh.
This study concluded that the iron ore mine located at Mugharet al-Warda was extensively exploited
during the Ayyubid-Mamluk period (Issa 2000). It was also concluded in this study that the iron ore
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was  smelted  close  to  the  mine  then  transported  as  metal  ingots  to  other  locations  for  further
smithing (Issa 2000). 
The sites of Mugharet al-Warda and Tell Hammeh are both of particular archaeological significance.
Mugharet al-Warda is the only large iron ore deposit known to exist in the wider region, and is
therefore the most likely source of raw material supplying the surrounding areas (Pigott et al 1982,
Pigott 1983, Abu-Ajamieh  et al 1988,  Alamri 1999 & 2007). Tell Hammeh has evidence of the
earliest dedicated bloomery smelting of iron in the Near East, which has been dated to 930 BCE by
radiocarbon methods (Waldbaum 1999, Pleiner 2000). There has been significantly less scientific
research conducted specifically into smithing slag in this geographical region, with any analyses
carried out being focused primarily on smelting slags, additionally there have been no scientific
studies of smithing slags with the particular date range of the specimens examined in this study.
Research conducted in to Bronze Age archaeological copper metallurgy in this region has received a
significantly  greater  amount  attention,  with  numerous  completed  and  ongoing  studies.  Two
locations that have received particular attention are those of Faynan and Timna (Hauptman 2000 &
2007, Rothenberg 1988 & 1990).
There are very few published studies dealing exclusively with the investigation and analysis of iron
smithing slags, with the overwhelming majority of slag studies focusing on smelting slags. This is
most probably due to smelting slags being a primary source of evidence with regards to smelting
technology, whilst there appears to be a general notion that little or no useful information can be
deduced from the scientific investigation of smithing slags (McDonnell 1989). As there have been
so few studies conducted into smithing slags there are no particular grounds for this assumption.
Smithing  slags  are  a  common  find  on  settlement  sites  throughout  the  iron  age,  and  are  more
frequently found than smelting slags and often in greater quantities (McDonnell 1989). 
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Although  there  has  not  been  the  same  magnitude  of  smithing  slag  analyses  as  smelting  slag
analyses, there are ever increasing numbers of papers being published that deal exclusively with
smithing processes and smithing slags (Bayley  et al 2001, Pleiner 2006, Dunster & Dungworth
2012, Eekelers et al 2016). Possibly one of the more important pieces of work that deals with the
investigation and classification exclusively of smithing slags is that of Serneel & Perret (2003). In
this study it was demonstrated that smithing slags are composed primarily of a mixture of fused iron
oxides  originating  from scale  formed through hot  oxidation,  metallic  iron fragments  spalled  or
dislodged from the workpiece, smithing fluxes, extruded smelting slag (minor contributor), and a
fuel ash contribution (also minor). This study also identifies three material textures for smithing
slags, each of which is process specific.
The first texture that is identified in this smithing slag study is that of dense grey slag, abbreviated
to SGD (fr. scorie grise dense). This material type typically exhibits approximately 70 wt% FeO and
30 wt% SiO2, and is dominated by the presence of fayalite, with variable amounts of iron oxide
(noted as being mainly wüstite), and a minor quantity of interstitial vitreous material. It was also
noted that this type of smithing slag is very similar to the slag produced by the smelting process.
SGD can be considered as indicative of hot oxidation of the iron workpiece during smithing, with a
small input of silica from either an anti-oxidant silica flux, or from the hearth lining and/or fuel ash.
The second texture identified is that of  sandy-clayey slag, abbreviated to SAS (fr. scorie argillo-
sableuse).  This  material  type is  typically  silica-rich and exhibits  a low iron content,  it  is  often
vitreous and will contain many unfused relic quartz grains. SAS is indicative of the use of large
amounts of silica fluxes to minimise oxidation during welding or finishing.
The third and final texture is that of rusty iron slag, abbreviated to SFR (fr. scorie ferreuse rouillée).
This material type is iron rich, with the iron being present in the slag as metallic iron, mixed iron
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oxides and iron oxide-hydroxides. The structure is typically granular, being made up of partially
fused particles, but can also exhibit a compact structure when the particles have fully fused into a
single quasi-homogeneous mass. It is noted that this type of slag will contain small amounts of
fayalite. The metallic iron particles present in SFR are either formed from localised reduction in the
slag melt, or they are relict fragments from the original workpiece. The metallic iron is, in general,
partially  transformed  into  oxide-hydroxides  during  burial.  SFR  is  either  indicative  of  high
temperature hearth operations, or of poorly compacted/consolidated raw iron stock. 
A single smithing hearth bottom may be constituted from only one of  these types  of material.
However, in the majority of cases, individual smithing hearth bottoms will typically exhibit some
degree of zoning or layering, in which more than one of these material textures can be present. And
according to  Serneels  and Perret  (2003),  smithing slags  can be distinguished in  to  eight  major
groups,  with  their  classification  based  on  the  proportions  of  each  of  the  three  material  types
(Table.5.).
Type % SAS % SGD % SFR
1. SAS 100 ~ ~
2. SAS-M 80~90 10~20 10~20
3. SAS-SGD 50 50 ~
4. SGD-B 10~20 80~90 ~
5. SGD ~ 100 ~
6. SGD-SFR 0~10 70~90 10~20
7. SFR-M ~ 50 50
8. SFR ~ ~ 100
Table.5.  The classification  of  smithing  slag  cakes  according to  the  mineralogical  and chemical
compositions (After: Serneels & Perret 2003).
Serneels and Perret (2003, 476) also offer the suggestion that the shape (ellipticity, flatness and
profile), the aspect (colour and porosity), the physical properties (magnetism and apparent specific
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gravity) and the nature (mineralogical and chemical compositions) of the individual slag cakes are
linked to a certain extent. And that the nature of the material is mainly the result of the way the
work is  carried  out  in  the  hearth.  The proposed classification,  based on the  proportions  of  the
different materials (SAS / SGD / SFR), reflects the type of work done by the smith. The dimensions
(size and weight) of the slag cake seems to be independent of the other characteristics, with the
weight of the piece not being related to the type of work, but to the amount of work of a given type.
The classification system outlined by Serneels and Perret (2003) is based on an iron-silicon-oxygen
slag composition system, with the dominant compounds being fayalite, wustite, silicate rich glasses,
and mixed iron oxides and iron oxide-hydroxides. However, the slag specimens examined in this
study are notably different in a number of ways to the slag systems examined by Serneels and Perret
(2003). Even though a reasonably large proportion of the specimens examined in this study would
potentially fall  in  to  the SFR compositional  category,  that  is,  specimens that  are  dominated by
mixed iron oxides and iron oxide-hydroxides; there is no demonstrable evidence of fayalite being
included in the  mineralogical  composition,  and a  criterion  of  SFR is  that  it  will  contain  small
amounts of fayalite. Therefore the iron oxide dominated specimens examined in this study will be
referred to as  SFR approximates. The remaining specimens that do not exhibit this  approximate
SFR composition, also do not fall within either of the other two proposed categories of SAS and
SGD. 
The non-SFR approximate specimens in this study demonstrate evidence of compounds including;
wüstite, mixed iron-oxides, calcium silicates and calcium ferrites. This could potentially indicate an
additional  group  of  smithing  type  slags  based  on  the  alternative  iron-calcium-silicon-oxygen
compositional system.
Based on the results of EDX elemental analysis, out of the total twenty six Tell Dhiban specimens,
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thirteen are concordant with the approximate SFR classification; whilst five of the eleven Armenian
Garden specimens can be considered to fall within the approximate SFR classification. Based on
ImageJ  assessment,  twelve  of  the  twenty-six  Tell  Dhiban  specimens  are  concordant  with  the
approximate SFR classification, and  five of the eleven Armenian Garden specimens fall within the
approximate SFR classification.
The  table  below  (Table.6.)  highlights  the  chemical  similarities  and  variability  between
chronologically  contemporary  smelting  type  slags  collected  from different  locations  within  the
southern Levant. Drawing a comparison between the smelting slags dataset below, and the smithing
slag datasets collected for this study, it is possible to see the chemical similarity between smelting
and smithing slag types, and subsequently, how the results of this method of analysis cannot be used
to identify the slag formation process. It should also be noted that the Mugharet al-Warda smelting
slags exhibit a very similar average composition and trend in individual compositions to both the
Tell Dhiban specimens and the Armenian Garden specimens.
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Table.6.  This  table  displays  the  chemical  compositions  of  bloomery  smelting  slags  from  the
southern Levant, which have been collected from the sites of Mugharet al-Warda (MeW), Tulul edh
Dhahab, Anjarah, Thawwab Mahis and A'luk. The original dataset was sourced from Alamri (2007),
and  the  results  have  been  normalised  for  convenience  of  comparison.  All  figures  are  as  mass
fraction, and all analyses were conducted using ICP-AES.
The following table (Table.7.) shows a number of analysis results for both iron ores and iron slags.
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Site FeO CaO SiO2 MgO Al2O3 P2O5 Na2O TiO2 MnO Total
JD19/2 MeW 72.51 16.70 8.30 0.69 1.31 0.19 0.07 0.20 0.02 100.00
JD19/2a MeW 94.42 1.99 2.31 0.45 0.53 0.16 0.03 0.09 0.01 100.00
JD19/2b MeW 96.57 1.26 1.26 0.39 0.32 0.10 0.02 0.07 0.01 100.00
JD19/2c MeW 96.69 1.39 1.19 0.25 0.32 0.09 0.02 0.05 0.01 100.00
JD19/2d MeW 94.87 2.17 1.70 0.49 0.51 0.13 0.03 0.08 0.01 100.00
JD19/3 MeW 78.66 7.07 9.80 1.28 2.35 0.47 0.09 0.25 0.03 100.00
JD19/6 MeW 75.82 22.07 1.41 0.34 0.25 0.07 0.01 0.01 0.01 100.00
JD19/7 MeW 84.03 9.93 4.07 0.84 0.73 0.26 0.05 0.07 0.02 100.00
JD19/8 MeW 83.35 7.04 6.44 0.55 2.09 0.24 0.05 0.20 0.03 100.00
JD19/20 MeW 85.26 10.66 2.45 0.71 0.61 0.21 0.03 0.06 0.01 100.00
JD19/21 MeW 71.76 13.14 11.46 1.35 1.61 0.39 0.08 0.19 0.02 100.00
JD19/22 MeW 75.55 12.15 9.16 1.08 1.43 0.40 0.08 0.13 0.01 100.00
JD19/05-5 MeW 75.00 10.92 11.33 0.86 1.47 0.16 0.06 0.12 0.08 100.00
JD19/05-11 MeW 70.84 14.08 11.10 1.54 1.63 0.49 0.07 0.19 0.07 100.00
JD19/05-13 MeW 71.64 15.76 9.70 0.86 1.57 0.23 0.05 0.12 0.08 100.00
JD19/05-14 MeW 79.54 9.35 8.89 0.97 0.81 0.23 0.02 0.09 0.08 100.00
JD19/05-17 MeW 73.31 20.28 5.05 0.65 0.45 0.09 0.02 0.05 0.09 100.00
JD19/05-18 MeW 58.07 24.03 14.12 1.15 1.95 0.35 0.07 0.16 0.09 100.00
JD19/05-21 MeW 70.26 12.34 14.79 0.97 1.27 0.15 0.06 0.07 0.09 100.00
JD19/05-22 MeW 73.82 15.57 7.93 1.94 0.47 0.11 0.03 0.05 0.08 100.00
79.10 11.40 7.12 0.87 1.08 0.23 0.05 0.11 0.04 100.00
JD18/0 Dhahab 80.08 2.52 15.07 0.32 1.49 0.24 0.05 0.20 0.03 100.00
JD18/1 Dhahab 64.82 12.40 19.44 0.97 1.78 0.28 0.10 0.18 0.03 100.00
JD18/1a Dhahab 69.79 5.80 19.45 0.58 3.73 0.23 0.10 0.29 0.03 100.00
JD18/1b Dhahab 82.39 6.04 9.85 0.50 0.74 0.23 0.06 0.16 0.02 100.00
JD18/1d Dhahab 62.74 7.29 26.74 0.65 2.03 0.21 0.09 0.20 0.03 100.00
JD18/5a Dhahab 78.92 3.44 14.69 0.45 1.87 0.33 0.07 0.22 0.02 100.00
JD18/5b Dhahab 74.37 6.72 15.35 0.67 2.21 0.33 0.11 0.23 0.02 100.00
JD18/6a Dhahab 83.20 9.06 5.54 1.00 0.78 0.27 0.05 0.09 0.02 100.00
JD18/6b Dhahab 83.49 4.17 10.44 0.44 1.20 0.01 0.05 0.16 0.02 100.00
JD18/7 Dhahab 80.43 5.17 12.68 0.48 0.85 0.02 0.24 0.12 0.01 100.00
JD18/05/1 Dhahab 85.37 3.75 8.30 0.47 0.73 1.19 0.08 0.11 0.01 100.00
JD18/05/3 Dhahab 81.82 5.32 9.39 0.65 1.52 1.04 0.08 0.16 0.02 100.00
77.29 5.97 13.91 0.60 1.58 0.36 0.09 0.18 0.02 100.00
JD17/1 Anjarah 78.43 11.71 6.94 0.72 1.52 0.43 0.06 0.15 0.05 100.00
JD17/05-1 Anjarah 73.37 13.57 10.15 1.06 1.15 0.36 0.06 0.21 0.08 100.00
JD17/05-4 Anjarah 67.29 17.71 10.25 1.39 2.39 0.50 0.07 0.30 0.11 100.00
73.03 14.33 9.11 1.06 1.69 0.43 0.06 0.22 0.08 100.00
JD15/1 Thawwab 68.34 18.68 9.40 1.61 1.36 0.32 0.09 0.15 0.04 100.00
JD15/2 Thawwab 68.39 20.15 8.22 1.81 0.84 0.42 0.05 0.10 0.02 100.00
68.36 19.42 8.81 1.71 1.10 0.37 0.07 0.12 0.03 100.00
JD14/2 A’luk 58.66 21.17 14.69 1.43 2.82 0.39 0.12 0.25 0.49 100.00
Slag specimens collected from the sites of Tell Hammeh and Tell Beth-Shemesh are significantly
earlier than those that have been collected from Tell Dhiban and the Armenian Garden, however,
they are from a similar geographical region.
Table.7. The chemical compositions of hematite ore from Mugharet al-Warda, and various types of
slag from Tell Hammeh and Tell Beth-Shemesh (dataset:  Veldhuijzen & Rehren 2007). Analyses
conducted by pXRF, all results are as mass fraction. The hematite ore will be dominated by Fe2O3
not  FeO as  represented,  this  assumption  could  potentially  skew all  other  oxide results  for  that
sample. Using stoichiometrically calculated simple oxides, pure hematite should exhibit 89.98%
FeO total (Sharp & Mittwede 2011).
Examining both Table.6 and Table.7 it  is  clear that there is a similarity and trend in chemistry
between all of the smelting slags, with particular similarities between Tulul edh Dhahab smelting
slags, Tell Hammeh furnace slag and Tell Hammeh furnace bottom slags; as well as similarities
between smelting slags from Mugharet al-Warda,  Anjarah and Thawwab Mahis. Also there are
observable similarities between Tell Hammeh tap slags and Tell Beth-Shemesh secondary smithing
slags. The smelting slag specimens from Mugharet al-Warda are notably different to the majority of
the other smelting slags, however, exhibiting a particularly low silica content.
2.1 Experimental Archaeology
Experimental archaeology carried out by Blakelock et al (2009), was conducted to investigate the
iron manufacturing process. The experiment was conducted so as to be representative of all of the
stages of iron production, and in doing so, created a complete assemblage of smelting and smithing
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SiO2 Al2O3 P2O5 K2O TiO2 Total
89.90 4.36 4.86 0.17 0.17 0.16 0.01 0.05 0.05 99.73
70.80 4.25 16.50 0.77 3.76 1.30 1.01 0.13 0.72 99.24
69.60 8.10 17.60 0.99 2.18 0.21 1.06 0.13 0.06 99.93
52.50 10.90 25.20 1.80 5.44 1.20 1.12 0.34 1.12 99.62
40.60 14.40 33.30 1.90 5.35 1.00 1.67 0.39 0.97 99.58
50.00 16.60 24.80 1.44 3.94 0.85 1.85 0.27 0.08 99.83
Ceramic-rich slag 21.30 19.60 46.40 2.48 5.89 0.74 1.70 0.48 0.69 99.28
FeO CaO MgO MnO
Mugharet al Warda hematite ore
Tell Hammeh furnace slags 
Tell Hammeh furnace bottom slag 
Tell Hammeh tap slags  
Tell Hammeh primary smithing slags 
Tell Beth-Shemesh secondary smithing slags
slags. The procedure used high grade South African hematite ore (Sishen ore), the fuel was in the
form of oak charcoal, which was noted as forming an ash particularly high in calcium, potassium,
magnesium and phosphorous. The smelting furnace and smithing hearth were built from raw clay,
which would be composed of mixed phyllosilicates of aluminium, magnesium, sodium, potassium
and/or calcium. During the smithing process quartz (silica) sand was used as an antioxidant flux.
Chemical analysis was conducted on the ore, smelting tap slag, smelting bloom slag, smithing slag
and molten furnace lining. The slags were also subject to SEM imaging, this revealed that the two
smelting slags had very specific appearances, with bloom slag having an absence of wüstite in its
structure and a corresponding lower iron content (Fig.12.). Unfortunately no backscatter images of
the smithing slag were included in this study.
The analysis results obtained for the tap slag in this study (Table.8.) were concordant with the data
collected for the Ramla tap slags with regards to both iron and calcium, however, the Ramla tap slag
exhibited significantly lower quantities of both silicon and aluminium (Table.78.). A similar trend
was observed between the bloom slag and the Cinder mill samples.
Table.8. Results of analyses performed on the materials generated by the experimental smelting and
smithing  process.  All  results  were  normalised.  Analysis  was conducted  by EDXRF for  the  ore
sample, and by SEM-EDX for all other samples (dataset: Blakelock et al 2009).
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SiO2 Al2O3 P2O5 K2O Na2O SO3 TiO2 Total
97.2 0.1 1.4 0.1 0.8 0.1 0.1 0.1 0.1 100.0
Tap slag 55.8 3.8 29.5 0.7 7.2 0.4 1.5 0.1 0.5 0.1 0.2 99.8
Bloom slag (1) 33.8 5.2 45.6 0.9 9.8 0.5 2.6 0.1 0.6 0.2 0.5 99.8
Ceramic-rich slag 12.9 5.7 65.8 1.9 8.1 0.8 2.6 0.2 1.2 0.1 0.5 99.8
Smithing slag 41.9 7.0 33.6 1.7 9.3 1.1 4.0 0.1 0.7 0.2 0.3 99.9
Bloom slag (2) 33.4 4.9 48.6 0.8 8.1 0.4 2.2 0.1 0.4 0.4 0.6 99.9
FeO CaO MgO MnO
Sishen ore nd nd
Fig.12. Backscatter electron images of tap slag (left) and bloom slag (right). (Blakelock et al 2009).
2.2 Specimen Selection and Initial Examination
The investigation of iron metalworking remains from both Tell Dhiban and the Armenian Garden
began with the  selection of  appropriate  material  from the  collections  held  at  the University  of
Liverpool and Manchester Museum respectively. 
The selection process focused upon locating and selecting any possible ferruginous slags fragments
and cakes from each of the collections that were within the desired date range. Written records of
the  materials  within  the  collections  were  initially  examined  and  any  specimens  specifically
identified as slag were duly noted. Whilst searching the material collections for these specimens,
any  additional  specimens  visually  identified  as  potential  slags  were  also  taken  for  further
examination.
Once a suitable quantity of slag material had been selected from each of the collections they were
all subjected to an initial cursory examination, this was done by eye, with the aid of a loupe and
magnet  to  assist  in  the  correct  identification  of  ferruginous  slags.  A number  of  iron  oxide
pseudomorphs, fuel ash slags, ceramic rich slags, and heavily corroded iron objects were identified
and rejected during this process, eliminating all of the non-slag specimens from the assemblages.
Along with the selected slags a single ceramic rich furnace lining slag specimen was retained from
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the Tell Dhiban collection, this specimen was also prepared for analysis to determine composition,
this sample will not be counted with the general slag samples.
The Tell Dhiban collection yielded a total of twenty-six ferruginous slag specimens with a overall
mass of 7.2kg, whilst the Armenian Garden collection yielded eleven specimens with a total mass of
14.1kg.
The material assemblage selected from the Tell Dhiban collection consisted of both large, mostly
intact slag cake specimens, and small, mostly fragmentary specimens. This observation led to the
assemblage being divided into two sets;  set one encompassed all of the largest specimens, which
includes the planoconvex smithing hearth bottoms / furnace bottoms and largest fragments thereof;
whilst set two includes all of the remaining smaller nodules and fragmentary slag specimens. This
arrangement resulted in an almost even divide in the number of specimens between the two sets,
with set one containing eleven specimens and set two containing fifteen specimens. The sets to
which each of the specimens have been allocated is given in the final column of Table.1.
All of specimens selected from the Armenian Garden collection were larger, mostly planoconvex
slag cakes,  with very little  fragmentary slag material  being present  in the collection within the
required date range.
After  completing  the  initial  cursory  examinations  to  determine  if  the  specimens  were  actual
ferruginous slags, a more thorough examination was undertaken to record the physical aspects of all
of the remaining selected specimens. Firstly, all of the material present in every sample bag was
subjected to a mild cleaning regime using a soft brush, to remove any loose material, surface debris
and dust; subsequently each specimen was examined, both macroscopically and with the aid of a
loupe,  then  photographed  and  weighed.  The  largest  specimens  that  exhibited  a  planoconvex
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appearance were also subject to dimension measurements. This information was recorded for each
specimen along with the appropriate identification reference code.
Some of  the slag specimens were selected for  further  investigative cleaning to  reveal  potential
underlying surface inclusions, textures, imprints and colourations, that would otherwise be obscured
by surface encrustations. These specimens were thereafter re-examined and re-photographed. The
investigative cleaning procedure involved rinsing the selected specimen with a continuous stream of
plain tap water whilst scrubbing the specimens surface using a small nylon brush, this scrubbing
and rinsing action was continued until the entire exposed surface had been cleaned and until no
further material was being removed from the surface by the process, this end point was denoted by
the water run-off being clear and free from particles. The specimen was then thoroughly rinsed with
deionised water and patted dry with paper towels. An air duster was used to expel any remaining
water from cracks and vesicles, and then the specimen was immediately transferred to a drying oven
set to 100˚C for at least twenty-four hours. At no point during this procedure were the specimens
left wet for more than one hour before being transferred to the drying oven.
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Fig.13. Example of exploratory cleaning of Tell Dhiban set one specimen BR41.19.95. Top images
are pre-cleaning, bottom images are post-cleaning. The post-cleaning images also show the white
surface concretion, visible in a number of places over the slag cakes surface.
During  the  aforementioned  initial  examination  it  was  noted  that  some  of  the  specimen  bags
contained a number of objects, this was due to either associated objects being grouped together, or
the original  material  being to  some degree friable  and falling apart.  In these circumstances the
largest actual slag fragment or nodule, or most representative slag fragment was selected for further
sampling and analysis.
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Fig.14. Associated artefacts  which were all  grouped into a single sample bag under the sample
number CE27.7.73. The four objects in the top-right are all iron pseudomorphs, the three objects
bottom-right are all fragments of slag that have broken away from the larger slag nodule shown on
the left of the image. Sampling was conducted on the largest slag nodule.
Fig.15. An example of a fragmented slag cake, which has most likely been broken apart by the
action  of  oxidation,  many  of  the  specimens  exhibit  some  degree  of  friability  and  cracking
(Jerusalem SA235).
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2.3 Sample Preparation
After the more rigorous examination and photography of the specimens was completed, a relatively
simple sample selection regime was implemented. Each of the selected slag specimens were cut to
provide a initial cross-section. The cut was situated, as far as practicable, so as to reveal the largest
area of internal material as possible with a single incision. This process was carried out using a
Mecatome rotary rock cutting tool equipped with a diamond cutting wheel, and plain tap water was
used as a cutting lubricant and coolant.
The larger slag pieces and slag cakes from the collection were cut so as to diametrically bisect the
body of the piece or cake, this would allow for the identification of any potential deposition or
variation layers and boundaries that may be present within the bulk of the material.  The exact
positioning of the cut was dependent upon the points of maximum slag thickness and width, as it
was desirable to expose the largest area of internal material with a single cut, whilst if possible,
producing a clear vertical profile.  A second cut, parallel to the first was made to produce a complete
cross-section slice of  material  approximately one centimetre  thick.  If  it  was deemed necessary,
further slices could be taken from either side of this initial incision.
For the smaller specimens, such as those in Tell Dhiban set two, a cut was similarly made to bisect
the thickest, and if possible, widest points of the slag fragment or nodule so that the largest area of
internal material was exposed with a single incision. This method allowed for rapid examination of
the internal material and the identification of any remarkable or noteworthy internal features and
structures.
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Fig.16. Sectioning a slag cake from Tell Dhiban set one (BR43.32.68). A. ~1cm thick section cut
diametrically  bisecting  the  specimen.  B.  The  newly  exposed  surfaces  revealed,  all  four  of  the
exposed internal  surface would be  carefully  examined.  C.  The cross-section segment  ready for
examination  prior  to  sub-sampling.  Note  that  in  the  cross-section  image  there  are  no  visible
horizontal boundaries in the material and it appears relatively homogeneous.
Once a suitable cross-section was exposed, the newly revealed internal material was cleaned with a
dilute detergent solution, then with plain tap water, then rinsed with ethanol and thoroughly dried
using hot air. The internal structure was examined and the degree of heterogeneity and vesicularity
was assessed with the assistance of a low magnification stereo-microscope. From this examination
the regions and locations that would be selected for sample removal were identified, and it was
determined whether a single sub-sample or multiple sub-samples would be selected and removed
from each specimen, depending on spatial variability and homogeneity. Regions were selected as to
be representative of; (1) the bulk of the specimen, that is, the greatest proportion of material with a
uniform appearance; (2) any textural or colour variation in the bulk of the material; (3) noteworthy
variance within the bulk of the specimen. For larger specimens with a uniform internal appearance,
a minimum of two samples were selected as a matter of course, this was done in an attempt to
account  for  any  potential chemical  and  structural  variances  in  the  apparently  homogeneous
material, that may not be visible via optical microscopy.
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BR41.19.95 BS44.43.114 CE27.8.123
Fig.17. A selection of Tell Dhiban set one slag sections before sample removal displaying variation
in bulk structure, vesicularity and inclusions. Note the charcoal inclusions in both BR41.19.95 and
BS44.43.114.
The larger slag specimens, particularly those from the Armenian Garden and Tell Dhiban set one,
often required the  selection of  a  number of  sub-samples  for  removal,  so as  to  account  for  the
potential or actual spatial variations in the greater quantity of material present and, as such, to be
representative of the material as a whole. In the case of clearly shaped planoconvex slag cakes,
where a top and bottom could be defined, two samples were taken initially, with all 'A samples'
coming from the top part of the slag cake and all 'B samples' coming from the bottom part of the
slag cake. This method was used to provide information with regards to vertical chemical profile, to
see if there is any difference between material in the top and bottom of the cake.
Fig.18.  Idealised  cross-section  of  a  planoconvex  slag  cake,  showing  an  imaginary  horizontal
dividing line that defines the top (A) and bottom (B) of the cake for sampling purposes.
For the largest planoconvex slag cakes and associated large fragments, a further cut was made to the
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bulk slag body so as to bisect the original section, cut at right angles. This process was conducted in
an attempt to ensure that the samples taken would be as representative of the bulk material  as
possible,  and any previously undetected spatial  variance would be revealed.  In some cases any
unusual morphological variations observed in the slag bodies were also locally sectioned, if these
sections revealed any additional pertinent structures, sub-samples were also taken. Some of the
larger set two specimens, or smaller set two specimens that displayed a particularly heterogeneous
internal structure, also had multiple sections cut and samples thereof removed for examination.
Fig.19. Image depicting ideal cut positions for the largest slag cakes, viewed from above. The first
and  second cuts  produce  a  ~1cm thick  section,  whilst  providing four  cut  internal  surfaces  for
examination. The third cut, made at a right angle to the first two provides an additional two internal
surfaces  for  examination,  to  ensure  that  the  sample(s)  taken  from  the  removed  section  are
representative of the bulk of the material present.  
These sampling procedures were enacted in an attempt to a create a logical and repeatable sampling
method, which could identify variation in the materials and account for them. This method also
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attempted to minimise the affects of selection bias.
2.3.1 Visual Examination During Sample Preparation
During the sampling process it was observed that some of the specimens, particularly those from
Tell Dhiban, exhibited a distinct and clearly different outer cortex that was found only in close
proximity to an exposed outer surface (Fig.20.). The cortex appears as a thin layer, rarely exceeding
1mm in thickness, with a distinct and typically abrupt boundary separating it from the bulk slag
material beneath. It has a light yellow-white colouration with a dull to waxy lustre and displays a
strong mechanical  adherence to the surface of the slag.  The layer  was also relatively hard and
resisted mechanical abrasion and was not soluble in water or ethanol. This outer cortex is most
likely formed by the accretion of local environmental particulates during burial, and subsequent
post-depositional  processes  cause  consolidation  and hardening of  this  material  into  a  relatively
dense surface concretion. 
Fig.20. A prepared specimen taken from Tell Dhiban set one (BQ43.10.71A) displaying the light
yellow-white outer cortex, visible along the top edge.
Along with this outer cortex, it was also noted that some of the specimens displayed a near surface
variation  layer  in  close  proximity  to  the  exposed  surfaces  of  the  slag,  this  variation  layer  on
occasion also followed crack boundaries to deep within the slags body (Fig.21.). This near surface
variation layer in the material is observable as a slight variance in fabric colour and texture when
compared to the bulk body slag. The variation layer extends no more than 3mm, with 1.5mm being
typical, from an outer surface, crack boundary or cortex into the surrounding bulk of the material.
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Unlike the outer cortex there is no definitive boundary between this layer and the bulk of the slag
body, instead a diffuse threshold is typical. These layers were most likely formed through post-
depositional processes which resulted in both chemical and physical alteration of the exposed slag
surfaces.  These  processes  can  be  variable  and  complex,  depending  on  many  factors  both
environmental and compositional. In the case of some particular specimens, these alterations were
extensive,  and  followed  cracks  and  vesicles  deeper  within  the  internal  material,  often  causing
further cracking and structural weakening. In other cases alterations were superficial or even non-
existent. Whilst the sample selection process was under way a conscious effort to avoid obviously
altered regions was exercised. However, in some specific cases the altered material was deliberately
sampled for further examination and analysis.
Fig.21. A prepared specimen taken from Tell Dhiban set one (BQ43.10.71A) displaying the near
surface variation, visible along the top edge, also visible in this image is the yellow-white surface
concretion.
Through  visual  examination  alone  it  was  noted  that  all  of  the  specimens  displayed  up  to  six
distinctly identifiable components, based on both colouration and micro-morphological appearance.
For each case the colour and predominant micro-morphological attributes have been noted.
I) Firstly the black component; this material exhibits a spectrum of bulk structural features, with the
micromorphology ranging from completely amorphous to granular, however, it typically displays a
combination  of  both  of  these  aspects.  It  is  effectively  opaque,  displaying  a  vitreous  and often
greasy, submetallic lustre. This component represents the largest proportion of material in almost
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every sample.
II) The second component is dark-grey in colouration, and can exhibits a range of lightnesses or
tones. This component appears morphologically very similar to the black component, however, it
appears to exhibits either a second interspersed phase or a distinct microcrystalline structure which
is  most  likely  responsible  for  producing  this  observable  variation.  This  secondary  phase  or
microcrystalline structure also gives the material  a  dull,  almost  waxy lustre  and a  fine grained
arenaceous appearance. This dark-grey component can be found in localised regions throughout
many of the specimens, the distribution of these regions appears to be random and does not seem to
be diagnostic or representative of any process and is otherwise unremarkable.
III)  The  third  component  exhibits  a  dark-orange  to  brown  colouration  and  a  range  of
micromorphologies, it can display either a distinct or diffuse boundary and can be observed within
or surrounded by either of the aforementioned black and grey components.
These  three  components  together  make  up the  bulk  of  the  internal  material  of  all  of  the  slag
specimens.
IV) The fourth component is the altered material, which includes both the surface concretions and
the near surface variation layer as previously described.
V) The fifth component is in the form of metallic iron inclusions, which can exhibit a number of
shapes  and  sizes,  from  microscopic  polymorphic  inclusions,  possibly  formed  through  the
disproportionation of wüstite or from localised reduction, to larger millimetre size prills that may
have been deposited as metallic fragments chipped or spalled from the bulk metallic workpiece.
Metallic  iron,  in  the  form  of  both  larger  millimetre  sized  prills  and  microscopic  particulate
inclusions, is present in the majority of the samples prepared for this study.
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VI) The sixth and final component is that of a light-yellow to light-orange material that can be
found occupying vesicles and cracks within the body of the slag. These deposits appear amorphous
with a dull, waxy lustre and a soft, friable texture.
Whether  these  components  identified  by  optical  microscopy  display  any  chemical  difference
remains to be seen, however, with the nature of slags being very similar to glasses, a small variation
in trace elements can make a profound change in appearance, so these differences may be otherwise
unremarkable.
A. BR43.32.68 B. BQ43.10.71A.C C. BQ43.10.71A.D
Fig.22. Examples of some of the features observed during visual examination. A. displays the dark-
orange to brown colouration (left) and black (right). B. displays grey (left) to black (right) and a
range of inclusions and vesicles. C. displays a range of grey tones along with surface concretions
(bottom) and a large iron prill (top-right).
2.3.2 Sub-sampling
Once all of specimen cross sections and internal surfaces were thoroughly examined and all the
regions  of  interest  had been identified.  The sampling  locations  were defined and the  sampling
process was undertaken. This involved cutting further segments to isolate the regions of interest,
and each of the resulting segment were subsequently cut in to suitably sized sub-samples. Finally
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the samples were cut to a thickness of 3~5mm and no greater than 28mm at the widest point. After a
suitably sized and representative sample was obtained, the piece was thoroughly washed with a
dilute detergent solution, then with deionised water, and finally with ethanol. The cleaned samples
were then oven dried at 100˚C for at least twelve hours.
The samples were subsequently removed from the oven and placed in a desiccator where they were
allowed to cool to room temperature. Each sample was then taken from the desiccator and carefully
positioned in a 30mm polypropylene mould, and a small amount of cyanoacrylate adhesive was
used to fix the sample to the mould to prevent it moving during the next step of resin impregnation.
A colourless, transparent, cold-setting epoxy resin was prepared and poured over each sample to fill
the  mould  to  around  15mm,  a  label  was  created  for  each  sample  bearing  its  unique  sample
identification  code and placed in  the  resin  alongside  the  sample.  The filled  moulds  were  then
transferred to a vacuum desiccator and place under vacuum overnight. This vacuum process aided
in the removal of bubbles from the epoxy resin and ensured that the resin penetrated and filled the
cracks  and  vesicles  present  in  this  material  type,  improving  structural  integrity  and  reducing
friability. Once the resin had hardened, the moulds were removed from the vacuum desiccator and
the encapsulated samples were removed from the moulds. 
The newly formed 30mm epoxy resin stubs containing the slag samples were then ground using
abrasive papers on rotating turntables, lubricated and cooled with water. This step was undertaken
to completely expose the slag sample on one surface and to produce a uniformly flat sample. The
grinding process was completed in a number of steps using progressively finer grades of silicon
carbide  abrasive  papers.  The  papers  used  were  180,  400,  800,  and  1200  grit.  Periodically  the
grinding surface was examined using a metallurgical microscope to determine the extent of the slag
samples exposure and to ensure sample surface flatness. After grinding, the exposed slag surface
was  thoroughly  cleaned  with  a  dilute  detergent  solution.  If  the  surface  of  the  sample  was
109
particularly  vesicular  or  cracked  the  sample  was  cleaned  in  an  ultrasonic  bath  using  a  dilute
detergent solution. Each sample was then rinsed with plain tap water, then with ethanol, and then
hot-air dried.
After the complete exposure of the slag samples surfaces was achieved, the ground samples were
then taken to a further set of dedicated rotating turntables for polishing. As these samples would not
be etched or subjected to any significant optical microscopy, a 3μm polish was determined to be
sufficient. This was accomplished in two steps, firstly a 6μm polish and then finally a 3μm polish.
Each turntable was equipped with an appropriate size-grade polishing cloth onto which a small
amount of diamond paste polishing media was dispensed, a water based lubricant was then sprayed
onto the cloth and the samples were polished. Periodically the surface that was being polished was
examined using a metallurgical microscope to look for remaining deep scratches from the grinding
stage.  Once  the  6μm  polish  was  completed  the  sample  was  thoroughly  cleaned  with  a  dilute
detergent solution,  for particularly vesicular or cracked samples an ultrasonic bath filled with a
dilute detergent solution was used. Each sample was then rinsed with plain tap water, then with
ethanol, and then hot-air dried. This cleaning process was of particular importance at this stage as
cross contamination of 6μm polishing media on to the 3μm polishing cloth would render the cloth
useless. After the 3μm polish was completed, a slightly more rigorous cleaning regime was adopted
to prepare the final polished surface for carbon coating,  this  included repeated washing with a
detergent solution, then with deionised water, then finally with ethanol. An air duster was used to
expel any remaining liquids from cracks and vesicles, and finally the sample was hot-air dried. The
polished  surface  was  carefully  examined  using  both  a  stereo-microscope  and  a  metallurgical
microscope, looking for unpolished regions, surface contamination and residues. At this stage any
physical contact with the newly cleaned surface was avoided to prevent contamination.
All of the prepared samples were then coated on their polished surface with carbon using a vacuum
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evaporation coater. This step would produce a thin conductive coating on the samples surface to
prevent charging when placed under the electron beam of the scanning electron microscope. To
ensure good conductivity and to complete an electrical circuit with the electron microscopes stage a
small strip of aluminium tape was adhered to the sample stub connecting the coated surface to the
base of the stub.
A small selection of duplicate samples were also taken, these additional samples would be used for
other testing methods. Two additional samples were prepared using the resin encapsulation method
described above, however, they did not receive a final carbon coating. These samples would be used
for optical microscopic techniques and pXRF. A further two samples of approximately 10g each
were used to produce a fine powder for EDXRF and PXRD.
The powder  samples  were  produced by coarse  maceration  of  the  as-cut  slag  samples,  using  a
Dodge-type jaw crusher, into nodules of ≤5mm suitable for crushing in a ring mill. Then a tungsten
ring mill was used to crush the coarse nodules into a fine powder with a grain size of ≤10μm. The
powders were then transferred to airtight containers for storage. Airtight containers were deemed
necessary after the first set of duplicate sample powders exhibited notable changes in appearance
after storage in polymer baggies. Initially, the as-crushed samples appeared as a dark orange-brown
powder, and upon retrieval for analysis after ten days of storage it was observed that the samples
had changed colour, appearing much lighter in colouration. This observed change was explained by
the  powder  samples  having  a  much  greater  surface  area  to  volume  ratio  than  the  intact  solid
samples,  this  increases  the  reactivity  potential  of  the  powder  allowing  it  to  readily  react  with
atmospheric moisture and oxygen.
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2.4 Sample Analysis for Bulk Composition
Each of the prepared epoxy encapsulated slag samples was subjected to a number of SEM-EDX
analyses. To provide a representative bulk analysis of the slag samples, analysis zones rather than
spot  analyses  or  full-screen  analyses  have  been  employed,  these  analysis  zones  should  be
sufficiently large as to encompass a representative quantity of all of the phases that may potentially
be present,  whilst  still  being small  enough to position between defects  and irregularities in the
sample surface. It was determined that the electron beam should be set to raster over an analysis
zone  of  250μm  x  300μm  or  75,000μm2,  as  this  size  area  should  be  able  to  account  for  all
microstructure and phase variation types that would be observed in the sample set, and could easily
be repeated using the area select tool on the instrument. This size area was chosen after examining
the microstructures and phases of a large number of slag samples, and carrying out numerous test
analyses using various analysis zone area sizes.
Initially every sample was examined in secondary electron imaging mode and each analysis zone
position was selected using a pseudo-random method based on a specific search pattern called a
creeping  line.  Secondary  electron  imaging  mode  was  used  as  opposed  to  backscatter  electron
imaging mode in an attempt to prevent selection bias based on region, that is, backscatter mode
would reveal regions of chemical variation and phase contrast which may be focused upon by the
analyst. Whereas secondary electron mode provides only topographical information allowing the
avoidance of cracks, voids, and inclusions whilst blinding the analyst to any information regarding
phase or chemical composition.
Whilst  implementing the creeping line search pattern,  the microscope's  stage,  and therefore the
sample, was repositioned in the x and y axis after each analysis to centre the next analysis zone
beneath the pole piece of the electron beam optics. This procedure ensured that there was minimal
variation in the beam-sample-detector geometry, and that the x-ray escape dynamics were, as far as
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practicable, uniform at each analysis point.
Fig.23. The image above shows a simplified example of a creeping line search pattern, displaying
thirty randomly positioned data sampling zones. Of these thirty zones only ten produce results that
are within the set limits of the analytical requirements. Blue line - boundaries of the slag. Green line
-  creeping  line  search  pattern,  with  arrows  depicting  the  direction  of  movement.  Red  spots  -
accepted sampling zones (within 100 wt% ±2 wt%). Purple spots - rejected sampling zones (outside
100 wt% ±2 wt%).
For each individual sample a minimum of six acceptable analysis zones were required to provide a
representative  compositional  dataset,  and  for  most  samples  between  seven  and  ten  acceptable
analytical zones were recorded depending on the sample's size. This number of analytical zones
provides minimum total analytical area of 450,000μm2 per sample for six analyses, increasing to
750,000μm2 with ten analysis zones. Before any analysis zones were chosen, the surface of the
sample  was  inspected  in  secondary  electron  mode  to  determine  the  extent  and  distribution  of
irregularities and defects, this information was used to define the route that the creeping line search
pattern would follow. The size of the uniformly flat and defect free area of the sample was used to
define  the  number  of  analysis  zones  selected,  with  larger  samples  typically  requiring a  greater
number to represent their surface area.
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During  the  data  collection  process  the  analytical  results  for  each  individual  sample  were  not
examined in any great detail until all the data for the first six analytical zones had been collected. If
the elemental totals  acquired for any given analytical zone were within the allowable precision
limits, then the result would be considered acceptable, regardless of the individual element values,
and it was saved. The quantities of the major elements; iron, silicon, calcium and oxygen were
examined and noted in every case, and after the analysis of six zones was completed the results
according to these major elements were compared to determine concordancy. A concordant set of
result would be one with a variation of ≤5% by mass for each of the major elements over at least
four out of the six analytical zones, if this was achieved then no further analyses were deemed
necessary for that particular sample. If the results failed to meet this criteria, or if the sample was
particularly large,  then further zones were selected and analysed until  at  least  two-thirds of the
results were within the concordancy limits. 
This  method  was  employed  in  an  effort  to  avoid  selection  and  confirmation  biases  in  the
experiment, this method would also highlight the homogeneity or heterogeneity of each sample,
quickly  revealing  spatial  variation.  For  the  majority  of  samples  very  good  concordancy  was
typically observed between analytical zones of individual samples.
Each analysis was conducted by locating a uniformly flat region on the samples surface, within the
boundaries of the search pattern, which was large enough to encompass the analytical zone, whilst
being a sufficient distance (≥10μm) from any potential defects in the material such as cracks, voids,
boundaries or inclusions. A visibly flat region, free from obvious defects, was deliberately selected
so as  to  ensure optimum beam-sample-detector  geometry.  However,  it  was  typical  to  find  that
approximately  one-half  to  two-thirds  of  all  selected  analysis  zones  would  be  outside  of  the
requirements of the desired analytical precision. This could be due to a number of factors, it  is
thought that the main factors that resulted in either a excessively high or low analytical totals were
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the  presence  of  metallic  iron  within  the  analysis  zone,  sample  surface  irregularities  within  the
analysis zone, and the possibility of invisible subsurface anomalies such as vesicles or metallic iron
prills, very close to the surface, but not exposed. It was common for the rejected results to display
values which had very good concordancy with the accepted values, with variation in totals typically
in the order of ±3~4 wt%. 
After  an  analysis  zone  had  been  successfully  analysed,  the  raw EDX spectrum was  carefully
examined. Each of the x-ray energy peaks was identified manually,  rather than using the EDX
software's  automatic  peak  identification  algorithm,  as  this  quite  often  mislabelled  peaks  or
identified peaks where actually there were none. Peak positions were checked, and any peaks that
were discernible above the bremsstrahlung continuum background were selected and labelled, and
any sum peaks or escape peaks were identified and disregarded. The correct standard was then
selected for each of the identified elements and the software calculated the percentage by mass of
each element present. The examination of the EDX spectrum was completed for every analysis zone
to ensure the accuracy of the data collected. For an analytical result to be accepted the standardised
total has to be within the precision range limit of 98 wt% to 102 wt% by mass (100 wt% ±2 wt%).
Due to  the  variable  and vesicular  nature  of  this  material,  this  goal  was  sometimes difficult  to
achieve.
Once all of the analytical result for a given sample were collected successfully they were tabulated
and an average quantity for each element present was calculated. These average results were used to
provide an overall value for the bulk composition of the slag in each case. The sum of the standard
deviations  (ΣSD) for  all  elements  was  also  calculated  and  used  to  indicate  the  degree  of
heterogeneity, with a smaller  ΣSD value indicating greater homogeneity, and vice-versa. A pair of
columns in each of the results tables provides both ΣSD values along with an n value which indicates
the total number of analysis zones analysed, next to a bracketed figure which indicates the total
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number of samples taken from the original specimen, for example 14 (2), which represents fourteen
individual analysis zones over two individual samples, both of which were taken from the same
specimen.
A number of additional analytical techniques were also investigated as part of this study. These
included EDXRF, pXRF and PXRD (Powder XRD). The chemical analysis results acquired through
EDXRF and pXRF should  be  comparable  to  those  acquired  through  SEM-EDX, however,  the
detection limits for these techniques are typically much better (orders of magnitude, ppm limits
lightest detectable element). PXRD is a technique used to determine structural rather than chemical
composition, providing information about what crystalline phases are present. The XRD method
does not provide any information from amorphous materials, however it can be used to determine
the quantity of amorphous material present. PXRD has detection limits typically in the range of 2-3
wt% for mixed phase materials, and ~0.5 wt% for pure single phase materials (Chung & Smith
1999,  394).  As  all  of  the  slags  investigated  in  this  study are  composed  of  mixed  multi-phase
systems,  it  is  unlikely that  PXRD will  be sufficiently  sensitive to  detect  the subtle  changes  in
microstructure  and  composition  caused  by  topotactic  transitions  and  redox  variations.  A small
number of specimens were selected for analysis to determine viability and usefulness of each of
these techniques.
It  should  be noted  that  both  EDXRF and PXRD will  not  indicate  the  isolated  composition  or
structure of the bulk component of the slag, that is, these analytical techniques cannot identify and
avoid altered regions or inclusions, due to both of these techniques requiring that the analysis is
conducted on a finely powdered sample. Therefore the results collected using these techniques will
give an average overall composition, including all observed variables in the materials composition.
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2.5 Instrumentation – The SEM-EDX
The electron microscope is a type of microscope that generates its images using electrons rather
than photons of light,  which is  the case for the optical  microscope.  There are  three commonly
encountered types of electron microscope, these are the scanning electron microscope (SEM), the
transmission  electron  microscope (TEM),  and  the  scanning  transmission  electron  microscope
(STEM). The type of electron microscope most commonly encountered in archaeology is the SEM,
and it is this type of electron microscope that will be examined further.
By  using  electrons  rather  than  visible  light,  the  electron  microscope  can  achieve  very  high
resolutions  and  very  high  magnifications.  This  is  due  to  electrons  possessing  a  much  shorter
wavelength than visible light. Visible light has a wavelength range of 400nm~700nm whereas 20kV
electrons have a wavelength of 0.008nm. Electrons are negatively charged sub-atomic particles with
very low mass, and due to a physical phenomenon that affects all matter known as  wave-particle
duality, electrons  can  behave  as  waves  as  well  as  particles.  The  negative  charge  exhibited  by
electron means that they can be deflected by a magnetic or electric field, this allows them to be
easily focused and steered using electromagnets.
The resolution that can be achieved with a scanning electron microscope is ~3nm at 30kV or ~8nm
at 3kV using a thermionic emission electron gun, or ~1.5nm at 30kV or ~2.5nm at 3kV using a field
emission electron gun. The SEM also has an excellent  depth-of-field allowing samples with an
uneven surface topography to be completely in focus regardless of the height difference, this gives
the image an almost three-dimensional appearance.
The SEM operates by directing a beam of electrons,  from an electron gun, down an evacuated
column and  through  a  number  of  electromagnetic  lenses which  condense  and  focus  the  beam
(Fig.24.). The beam is then shaped by an aperture and focused to a fine point by the objective lens.
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Beneath the objective lens is a set of electromagnetic deflectors called scan coils, these steer and
control the beam's movement, and are used to scan the beam over the sample's surface in a raster
pattern.  The  beam exits  the column through the microscopes  pole-piece and here it  enters  the
sample chamber. Inside the sample chamber the beam scans over the surface of the sample and a
number of beam-sample interactions take place.
Fig.24. A schematic cross section of a SEM. 
The electron beam has two specific parameters,  these are the  voltage and the  amperage.  Beam
voltage, sometime called accelerator voltage or high tension, is generally measured in kilovolts or
kV, and it is the amount of voltage applied to the accelerator in the electron gun. Beam voltages
typically range from 200V or 0.2kV to 30kV for the SEM. The beam voltage controls how deeply
electrons will penetrate into the sample, which in turn affects the size of the interaction volume. As
the beam voltage is inversely proportional to the wavelength of the electrons, a higher beam voltage
will  also  result  in  a  shorter  electron  wavelength,  which  will  effectively  increase  the  potential
imaging resolution  and sharpness  achievable in  secondary  electron  mode.  Conversely,  a  higher
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beam voltage will result in a lower resolution in backscatter electron mode and x-ray imaging mode
as the interaction volume will be larger at higher voltages. In practice, higher beam voltages do not
necessarily  translate  to  higher  perceived  image  resolution,  with  an  increase  in  beam  voltage
resulting  in  a  larger  beam  penetration  and  electron  diffusion  region,  which  leads  to  a  larger
extraneous background signal that can reduce image contrast and obscure details of fine structures.
Generally speaking, excessively high beam voltages are detrimental, as they result in an increase in
specimen charging, specimen damage and edge effects in collected images.
Beam voltage also has implications for x-ray analysis, in that the beam voltage should be 1.5 to 3
times the ionisation energy of the element(s) of interest. In practice this means that the beam voltage
should be at least twice that of the maximum energy range of the x-rays that need to be detected,
this is known as  overvoltage. Therefore if x-rays up to 10keV need to be detected, then a beam
voltage of 20kV is required, if x-rays up to 15keV need to be detected, a beam voltage of 30kV is
needed. As the vast majority of elements that will be of interest in this study will have an ionisation
energy of ≤10keV, a beam voltage of 20kV was selected. Typical beam voltages are between 20kV
and 25kV for EDX analysis, and 3kV to 10kV for imaging.
Beam amperage, sometimes called spot-size or probe current, is the volume of electrons, or flux of
electrons, coming out of the electron gun. This parameter can be thought of as the brightness of the
beam. The probe current controls the number of interaction events at the sample surface, therefore
the higher the current, the greater number of electrons will flow to the sample, which will result in
more interactions and a larger resulting signal. There is a linear relationship between probe current
and  electron  probe  diameter  or  spot-size,  with  an  increase  in  probe  current  resulting  in  a
corresponding increase in probe diameter. The image signal-to-noise ratio is dependent on probe
current, with lower currents resulting in higher achievable resolutions and sharper images, however,
this is at the cost of the image smoothness, with images appearing grainy. Higher probe currents
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will result in smoother, less grainy images at the cost of resolution and the potential for increased
beam damage. Beam current generally ranges from 1pA to 2μA for a thermionic emitter or 2pA to
200nA for a field emitter. 
When a beam of electrons strikes the surface of a sample, a number of fundamental interactions
occur, these lead to the emission of electrons, photons of light, and x-ray photons. The electrons
emitted are in the form of  secondary electrons,  backscatter electrons and  Auger electrons. Both
secondary and backscatter electrons are used for imaging in the SEM, whilst Auger elections are
generally ignored.
Secondary electrons are low energy electrons (<50eV) that are generated as the result of inelastic
scattering of the incident electron beam. As they posses such low energies they have a very shallow
escape  depth  (≈1nm)  and  therefore  provide  detailed  topographical  information.  Backscatter
electrons are significantly higher energy and result from elastic scattering of the beam. Due to this
higher energy they can escape from much deeper within the sample's surface (10nm~100nm). The
proportion of electrons that undergo backscattering is related to the average atomic number of the
material  under  investigation,  with  a  higher  atomic  number  resulting  in  a  greater  number  of
backscattered electrons, this causes variability in the image contrast between regions of differing
chemical composition. In terms of the image itself, areas of higher average atomic number appear
brighter.  Backscattered electrons  can  also provide  crystallographic  information through electron
diffraction, this is known as electron backscatter diffraction (EBSD).
As the electron beam interacts  with the sample another physical  phenomenon can occur which
results  in  the  emission  of  photons  of  visible  light,  this  is  called  cathodoluminescence.  This
technique  can  be  applied  to  most  non-metals  and  reveals  information  about  composition  and
structure.
120
Possibly the most useful aspect of the SEM is its ability to provide elemental analyses. When high
energy electrons interact with matter x-ray are emitted. These x-ray can be divided into two types;
bremsstrahlung and  characteristic  x-rays.  Bremsstrahlung  occurs  when  electrons  decelerate  in
matter, and as they slow the kinetic energy is dissipated as x-ray photons. This type of radiation
exhibits a broad range of energies, known as a continuum, and is responsible for the background
noise on an x-ray spectrum. Characteristic x-rays occur when an incoming electron from the beam
interacts  with  an  atom's  electronic  structure,  ejecting  an  inner  shell  electron  and  producing  a
vacancy or electron hole, this is called an ionisation event and is energetically unfavourable. As a
result of this ionisation, a higher energy electron from the atoms 'overlying' election shells will 'drop
down'  filling  the  hole,  neutralising  the  unfavourable  situation.  The  electron  involved  in  this
transition is moving from a higher energy state to a lower energy state, and the energy difference is
emitted as an x-ray photon, but unlike bremsstrahlung, this x-ray is quantized and carries the exact
energy difference of the transition, and will therefore be characteristic of the atom from which it
was emitted.
Beneath the point at which the beam impacts the sample there is a region known as the interaction
volume, and it is here where all of the aforementioned phenomena are generated (Fig.25.). The size
of this volume is dependent on the average atomic number of the material being examined, with
lighter  elements  having a  larger  volume and heavier  elements  a  smaller  one.   The  accelerator
voltage will also affect the size of the interaction volume with higher voltages resulting in a larger
volume  (Fig.26).  The  interaction  volumes  for  each  phenomena  are  also  different,  with  Auger
electrons  exhibiting  the  smallest  volume,  followed  by  secondary  electrons,  then  backscatter
electrons and finally x-rays. Cathodoluminescence is somewhat dependent on translucency of the
material as the visible light photons generated by this interaction have to escape the material to be
detected. As the interaction volume never extends further than a few tens of microns into the surface
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of the sample material the SEM technique is considered surface sensitive.
Fig.25. Electron beam interaction phenomena. The image displays the various interaction volumes
of each of the phenomena.
Fig.26. Examples of interaction volumes according to beam voltage, each pictogram shows electron
paths within the material. The subject material in this case is pure metallic iron. (modified from:
Barkshire et al 2000)
The electron microscope forms an electrical circuit between the electron gun, the sample and the
stage. If the sample is an electrical insulator a static charge can build up on its surface, which can
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lead to the deflection or distortion of the primary beam causing artefacts in the collected image and
poor  EDX  analytical  results.  This  situation  can  be  avoided  by  coating  the  sample  with  an
electrically conductive material such as carbon or gold. Additionally a specialised type of electron
microscope can be used in which the sample chamber's pressure can be varied, allowing residual
gasses in the chamber to carry the charge away, this is called an environmental SEM, and can
analyse uncoated or even wet samples.
The distance between the bottom of the pole piece and the surface of the sample is known as the
working distance. The working distance, along with the beam-sample-detector geometry, are both
very  important  parameters  when  collecting  high  quality  imaging  and  EDX  analysis  results.
Typically a working distance of between 15mm and 25mm is used for EDX analysis; and a working
distance of ≤10mm is typical to collect high resolution, aberration free images. Generally speaking,
a larger working distance will result in a lower image resolution and a greater depth-of-field; whilst
a smaller working distance will result in more beam current on sample and more efficient signal
detection, along with a higher image resolution and a smaller depth-of-field. The objective lens
aperture size is also an important instrument parameter, with a larger aperture resulting in a greater
beam current on sample, a smaller depth-of-field and a lower achievable image resolution. Whilst a
smaller aperture will result in higher resolution and greater depth-of-field, at the cost of reduced
beam current and an overall 'grainier' image.
2.5.1 Instrumentation Used in This Study
The chemical analysis and microscopic imaging of the slag samples was conducted primarily using
a  JEOL  JSM  5300  SEM  equipped  with  a  PGT/Gresham  10mm2 Si(Li)  energy  dispersive
spectrometer for element identification.  The detector was equipped with a thin polyimide x-ray
entrance window, allowing it to identify and determine elements as light as carbon. 
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The SEM-EDX analytical conditions were 20kV accelerator voltage and a beam current typically
between 600pA to  900pA.  Initial  experimentation  using  a  fixed  beam current,  as  measured  by
picoammeter, gave poor precision when applied to actual slag samples. As a result the beam current
was adjusted prior to analysis to give a constant count rate, as detected by the EDX system, of a
steady 2000 counts per second ±100 counts per second when the analysis zone was selected. This
method produced the best results in terms of elemental totals and repeatability. The data collection
live time was fixed at 100 seconds, and the allowable dead time was ≤20%. The elemental detection
limits  of  the  SEM-EDX method  are  typically  between  0.1% and  0.3% by  mass  (1000ppm to
3000ppm)  depending  on  the  particular  elements  of  interest,  when  a  standard  Si(Li)  energy
dispersive detector is used.
The EDX detector was positioned at 90˚ relative to the electron column, therefore it was necessary
to  tilt  the  microscope  stage  30˚ to  ensure  optimum  take-off  angle.  The  beam-sample-detector
geometry also required the working distance to be set at 20mm for optimum EDX analysis. An
objective lens aperture of 200μm was used throughout the imaging and EDX analysis.
All the analytical results are presented to two decimal places, as this is the default output from
instruments software. The significance of the second decimal place is questionable as it falls below
the  minimum detection  limit  of  this  technique,  and  once  the  values  fall  below ~0.5  wt% the
precision and accuracy of the results drop markedly.
Other analyses of similar slag material often report sodium, sulphur, titanium and manganese at
concentration of <0.1 wt%. Unsurprisingly none of these elements were observed in the body slag
of  either  the  Tell  Dhiban  or  Armenian  Garden  specimens  using  EDX analysis.  As  such,  these
element may be present, but below the minimum detection limit of the instrument.
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2.6 Standardisation of the SEM-EDX
Before any quantitative analyses were conducted using SEM-EDX, a method of standardisation was
devised  and  a  number  of  standard  reference  materials  and  certified  reference  materials  were
selected and used to calibrate the instrument. Preliminary qualitative and quantitative analyses of a
large  number  of  archaeological  slag  samples  were  conducted  to  identify  the  major  and  minor
elemental  constituents.  This  information  was  used  to  aid  in  the  selection  of  the  most  suitable
standard reference materials. From this preliminary study it was determined that a total of thirteen
individual  elements  would  be  standardised  for  (Table.9.).  The  standardisation  procedure  was
conducted for elements rather than simple oxides, and all data was later converted to simple oxides
for comparative purposes.
Element Symbol Oxide
Sodium Na Na2O
Magnesium Mg MgO
Aluminium Al Al2O3
Silicon Si SiO2
Phosphorous P P2O5
Sulphur S (SO3)
Chlorine Cl (ClO2)
Potassium K K2O
Calcium Ca CaO
Titanium Ti TiO2
Manganese Mn MnO
Iron Fe FeO/Fe2O3
Oxygen O ~
Table.9. The elements determined and their simple oxides.
A matrix-matched standard reference material was selected in the form of a Viking Age bloomery
slag from a site at Gryssen in Dalecarlia, Sweden. This standard, W-25:R, was supplied by AGL
National  Heritage  Board,  Geoarchaeological  Laboratory  and  was  used  during  the  element
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standardisation procedure and was also used during the daily standardisation check procedure. The
reference material was provided as a fine homogeneous powder which was pressed in to a pellet for
analysis by SEM-EDX.
W-25:R was used to provide the standardisation of aluminium, silicon, calcium, iron and oxygen.
Micro-Analysis Consultants Ltd. (MAC), Reference Standard for X-ray Microanalysis, Registered
Standard No. 3918 was used to standardise sodium, magnesium, phosphorous, sulphur, chlorine,
titanium  and  manganese.  Natural  orthoclase  ORT10  SRM,  on  the  University  of  Liverpool,
Department  of  Archaeology's  own internal  standard  reference  material  was used  to  standardise
potassium.  Oxygen standardisation  was verified  using artificial  orthoclase  (KAlSi3O8),  artificial
wollastonite (CaSiO3), artificial anorthite (CaAl2Si2O8) and artificial periclase (MgO) on Johnson,
Matthey & Co. Ltd. Mineral Certified Reference Material for Microprobe MSS S.4002/J340. It was
found that the best oxygen correlation was with both the artificial anorthite mineral and the artificial
orthoclase mineral,  when compared to  the  W-25:R reference  material.  Figures  obtained for  the
elemental  composition  of  W-25:R  were  also  cross-checked  against  both  MAC 3918  and  MSS
S.4002/J340. All figures are presented as weight percentage. After successful standardisation, each
of the standard reference materials was analysed in triplicate, with a typical total variance of less
than 1.3 wt% being observed.
Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total
Av. 0.62 0.43 7.72 25.59 0.30 0.09 1.06 1.46 0.35 3.21 59.63 100.19
SD 0.10 0.06 0.36 0.83 0.10 0.02 0.04 0.23 0.04 0.11 1.39 ΣSD 3.28
Table.10. The average results of seven published concordant analytical datasets for W-25:R using
various analytical techniques (Kresten and Hjärthner-Holdar 2001).
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Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO Total
Av. 1.35 0.42 7.90 22.54 0.24 0.27 1.18 1.61 0.35 3.31 60.83 100.00
SD 0.15 0.08 0.18 0.74 0.07 0.11 0.07 0.05 0.03 0.11 0.79 ΣSD 2.38
Table.11. The average normalised results of six repeat EDX analyses for W-25:R (Paynter 2006).
Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 MnO FeO Total
0.61 0.38 7.14 24.73 0.26 0.04 1.02 1.42 0.32 3.01 57.10 96.03
Table.12. The analytical results for W-25:R provided along with the standard reference material by
AGL National Heritage Board, Geoarchaeological Laboratory. No standard deviation figures were
provided with these results.
Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 MnO FeO Total
Av. 0.75 0.26 7.33 24.53 0.33 nd 1.56 1.39 nd 3.05 60.80 100.00
SD 0.09 0.08 0.09 0.15 0.08 ~ 0.06 0.04 ~ 0.16 1.28 ΣSD 2.03
Table.13. The average results of ten repeat EDX analyses for W-25:R using the SEM-EDX internal
standardless analysis algorithm, this algorithm provides only normalised results. Small peaks for
both sulphur and titanium were resolved above the continuum bremsstrahlung baseline, however,
the software was unable to provide a numerical value for these peaks.
Na Mg Al Si P S K Ca Ti Mn Fe O Total
Av. 0.50 0.23 3.93 11.32 0.10 0.18 0.91 1.05 0.20 2.41 46.33 31.45 98.61
SD 0.13 0.07 0.08 0.11 0.10 0.06 0.08 0.03 0.04 0.14 1.08 0.80 ΣSD 2.72
Table.14. The average results of ten repeat EDX analyses for W-25:R after the Certified Reference
Material  calibration  had  been  completed.  This  data  was  collected  using  the  modified  method
determining all elements rather than simple oxides.
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Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 MnO FeO Total
Av. 0.68 0.38 7.42 24.22 0.24 0.18 1.10 1.47 0.33 3.11 59.60 98.73
SD 0.13 0.07 0.08 0.11 0.10 0.06 0.08 0.03 0.04 0.14 1.08 ΣSD 1.92
Table.15.  This  table  displays  the  simple  oxide  results  for  W-25:R  generated  from  the  above
elemental  dataset  in  Table.14.  The conversion of  elements  to  stoichiometric  simple oxides  was
achieved using published compound ratios according to Potts et al (1992).
As you can see from the above results in Table.14. and Table.15., the totals for both the directly
measured elemental percentages (98.61 wt%) and the calculated simple oxides (98.73 wt%) are
almost identical. This result is a particularly good indicator that the simple oxide stoichiometric
composition of the W-25:R reference material is close to ideal.
Simple Oxide Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO FeO Fe2O3
Compound Ratio 1.3480 1.6582 1.8895 2.1392 2.2916 1.2046 1.3992 1.1174 1.2912 1.2865 1.4297
Table.16. Compound ratios according to Potts et al (1992). These ratio values were used to convert
elements to oxides.
Even though the elements sodium, chlorine, sulphur, titanium and manganese were calibrated for
using the relevant standard reference materials, these elements were deliberately ignored in the final
results. The reason these elements have been omitted is due to them not being detected in the bulk
slag component of any of the Tell Dhiban or Armenian Garden samples. A small number of samples
did indicate detection limit quantities of sulphur, however this was only present in very few of the
samples or analysis zones within samples, and typically in concentrations of <0.5 wt%. Chlorine
was also detected in numerous samples in very minor quantities, this has been entirely omitted as
the epoxy resin used to encapsulate the samples displayed a high chlorine content. A carbon peak
was also observed on many of the EDX spectra, which was not unexpected as the samples are
coated with carbon, this peak was also ignored due to both the coating as well as having no suitable
carbon standard reference materials.
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2.7 Daily Stability and Calibration Check
Before  commencing with  the  use  of  the  electron  microscope,  a  stability  and calibration  check
procedure was performed. This procedure was conducted prior to use on every occasion that the
microscope  was  used.  The  procedure  involved  turning  the  microscope  on  and  allowing  the
electronics to stabilise over a period of approximately fifteen minutes, during which time the stage
tilt and working distance was carefully adjusted to the desired parameters, and the W-25:R standard
reference material was placed in the sample chamber. The microscope was then evacuated and the
electron  beam was  turned  on  and  set  to  20kV and  600pA,  the  beam was  positioned  over  the
aluminium specimen holder, and the image was focused. Fluctuations in the beam current were
measured using a picoammeter attached to the microscope's stage, and this was used to indicate
beam stability. Initially the beam current would vary widely, but after approximately 30~45 minutes
these fluctuations in current would subside and the beam would become suitably stable to begin
analysis.  Sometimes it  could take up to an hour  for  the beam to stabilise  sufficiently  to  begin
analysis. If the electron beam was turned off for any length of time during use, usually for periods
longer than 30 minutes, the beam stability was re-checked and any necessary stabilisation time was
allowed before further analyses were conducted. 
Once the beam was sufficiently stable to begin quantitative analysis, the beam was repositioned
onto the W-25:R standard reference material, and stage tilt and working distance were re-checked
and the image was focused. The beam current was adjusted to provide 2000±100 counts per second
and the standard reference material was analysed. All detected elements were measured and the
quantitative total was collated, if the figure attained was 100±2 wt% then the result was accepted as
a 'pass'. For the EDX system to be considered as stable and ready for use on actual samples, three
concordant pass results had to be acquired consecutively.
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After completion of sample analyses, and before the microscope was shut down, W-25:R was re-
analysed to determine if there had been any significant changes in calibration during use. On only
two occasions did this highlight an issue, and in both cases the problem was that of filament end-of-
life. For these occasions all samples were re-checked. 
Data collected from the daily standardisation process using the W:25-R standard reference material
shows a high degree of precision, with the majority of elements displaying small range figures and
excellent standard deviation figures. However, it was observed that over an extended period of time
there was a trend in variability across the majority of collected elemental results.  The elements
sodium,  magnesium,  aluminium,  phosphorus  and  oxygen  displayed  a  trend  of  decreasing
concentrations,  whilst  the  elements  silicon,  calcium,  manganese  and  iron  displayed  a  trend  of
increasing concentrations. The concentration of potassium did not display either of these trends,
with the results remaining almost constant. The elements with the largest amount of variance were
iron and oxygen, with range values of 6.13 wt% and 3.16 wt% respectively. All other elements
display individual range values of  less than 1 wt%. One possible explanation for this observation is
an induced structural and chemical change in the very surface of the reference material as a result of
the  repeated  interaction  of  the  highly  energetic  electron  beam,  this  can  cause  evaporation  or
migration of elements from the interaction surface, or it could induce disproportionation or cause a
topotactic transition in the material.
A specific  concern  with  the  W-25:R standard  reference  material  was  disproportionation  of  the
wüstite, leading to a shift in the composition and change in oxygen content as determined by EDX.
As  this  material  was  produced  from powdered  smelting  slag,  it  would  be  likely  to  contain  a
proportion of wüstite and possess a high surface area to volume ratio, which would be conducive to
disproportionation  reactions.  It  was  discovered,  however,  that  small  quantities  of  calcium ions
substituted in the wüstite structure would effectively stabilise it, preventing disproportionation (Tazi
130
et al 1995). The quantity of calcium present in W-25:R is sufficient to stabilise any wüstite in the
material.
The analysis of oxygen using SEM-EDX, as conducted in this study, is comparatively rare. Most
studies collect data as simple oxides, with oxygen calculated by stoichiometry rather than direct
measurement. There are a number of specific reasons why oxygen is not routinely analysed for
using this method.
Firstly there is the physical issue of x-ray yields; light elements such as oxygen will have a much
lower yield of x-rays compared to heavier elements, this is due to a smaller ionisation cross-section
of the oxygen atom. X-rays are, however, still generated and can be detected.
In early EDX spectrometers a thin (8~12μm)  beryllium foil  window was utilised to protect the
detector,  these windows would absorb any x-ray with an energy of  less  than ~1000eV thereby
precluding  the  detection  elements  lighter  than  sodium  or  magnesium.  Modern  detectors  are
typically fitted with thin (~300nm) polyimide windows which will allow the detection of elements
as light as beryllium.
Traditionally elements determined by techniques such as EDX, XRF, AAS and AES are presented
as simple oxides rather than elements, with oxygen content determined by compound stoichiometry.
This is most likely due to the majority of neutral compounds having compositions very close to
ideal stoichiometry. This tradition has carried over to more modern analytical systems and continues
to be used, most probably to maintain comparability with preceding datasets. 
Possibly the single greatest reason why oxygen, and light elements in general, are not typically
analysed for is due to the lack of suitable standard reference materials (Nash 1992, McGuire et al
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1992).  In  this  study  an  electron  microprobe  standard  reference  material  consisting  of  several
artificially produced minerals was used for calibration and checking of oxygen content.
The use of simple oxides may not be entirely representative of composition, particularly in systems
with large variances in redox potentials, this is due to the possibility of valence uncertainties in
various elements under these conditions. One element that can be particularly affected by the simple
oxide  assumption  is  iron,  as  its  two common valency states  can  have  a  significant  impact  on
stoichiometric oxygen content calculations (McGuire et al 1992).
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Chapter 3
3.0 Elements and Compounds in Slag
Slag is a solution of mixed oxides and silicates, that when cooled forms a multi-phase solid with
many  potential  mineral  compounds  present. Iron  and  oxygen  represent  the  major  elemental
components in all of the specimens analysed in this study, and together they are the major elements
present  in  almost  all  bloomery  smelting  slags  and  smithing  slags.  Within  both  smithing  and
smelting slag systems there are a number of additional elements that can represent minor through to
major elemental components. These include, but are not limited to; silicon, calcium, aluminium,
potassium, manganese, phosphorus, titanium, sodium and sulphur. It is common to see many or all
of these elements representing minor and major components, with many often representing greater
than 1 wt% of the overall composition. After iron and oxygen, the most commonly observed major
elements in bloomery smelting slags, smithing slags, and iron ores appear to be silicon, calcium,
aluminium and magnesium. For the Tell Dhiban and Armenian Garden smithing slags, as well as the
Mugharet al-Warda iron smelting slags and ores, the most common major elements after iron and
oxygen are silicon and calcium.
The bloomery process removes unwanted irreducible elements from the metallic bloom primarily
by the formation of a silicate based mobile liquid, or slag, through a process termed liquation. Silica
is almost always present in iron ores, and the combination of silica with wüstite forms the olivine
compound fayalite,  which has  a  melting point  that  is  easily  achieved within  a  bloom smelting
furnace. This fayalite formation process is the primary sink for silica in this system, and results in
the formation of an acidic slag,  which in turn can act as a sink for other compounds. Fayalite
formation is therefore extremely important in the removal of basic irreducible compounds during
the smelting process, and iron ores with a silica content of approximately 14~16 wt% will be closest
to an ideal composition for effective fayalite slag formation in smelting (Buchwald 2005).
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If  the smelting process is well  controlled only fayalite and a vitreous material  of near fayalitic
composition will form. A less well controlled processes will result in an increase in the quantity of
wüstite present in the slag. This increase in wüstite is, in effect, a loss of potentially available iron in
the smelting system. If the wüstite level in the smelting slag is between 60~85 wt% the viscosity
and free-flowing temperature of the slag is significantly reduced, this allows gasses trapped within
the slag to escape more easily, resulting in a low vesicularity and high density material (Buchwald
2005).  Therefore  the  presence  of  wüstite  in  moderately  high  concentrations  (≥60 wt%) can  be
beneficial, as it will allow the slag to flow more freely with a lower viscosity.
Many of the silicates and oxides contained in the ore have melting points which are significantly
higher than the temperatures that are routinely achieved within a bloomery furnace, therefore the
liquation of certain compounds is achieved by dissolution or cation exchange in fayalite. Minor and
trace amounts of calcium, magnesium, manganese and other oxides sink via fayalite dissolution
forming a liquefied solution of mixed oxides and silicates. If these additional elements appear in
sufficient quantities they can form distinct minerals within the solidified slag, with some examples
of potential olivine minerals given below;
Forsterite Mg2SiO4 
Tephroite Mn2SiO4 
Larnite Ca2SiO4
Kirschsteinite CaFeSiO4
Monticellite CaMgSiO4
Numerous other mixed olivines and pyroxenes can form in slags via metal cation exchange during
solidification and in the solid state at elevated temperatures (>650˚C). The general formula for a
134
pyroxene is [M2+]SiO3 or [M2+a] [M2+b]Si2O6, and the  general formula for an olivine is [M2+]2SiO4 or
[M2+a] [M2+b]SiO4. Mixed pyroxenes-olivine solid solution systems can undergo element distribution
exchange  reactions.  In  these  reactions  metal  cations  can  move  between  pyroxene  and  olivine
silicate systems. An example of this is the exchange of iron and calcium metal cations between
ferrosilite and larnite to form wollastonite and fayalite or vice-versa (Anderson 2009).
2FeSiO3 + Ca2SiO4 ↔ 2CaSiO3 + Fe2SiO4
These  metal  cation  exchange reactions  can  also occur  between olivines,  pyroxenes  and simple
oxides.  Examples  of  these  exchange  reactions  are  the  metal  cation  exchange  in  an  olivine-
calciowüstite system, and a pyroxene-calciowüstite system (Anderson 2009).
2FeO + Ca2SiO4 ↔ 2CaO + Fe2SiO4
FeO + CaSiO3 ↔ CaO + FeSiO3
Approximately 10 wt% of the iron present in high silica iron-silicate systems can be substituted
with calcium without significantly affecting the melting point of the resulting slag (Tylecote et al
1971). This substitution forms the olivine dicalcium silicate or larnite (Ca2SiO4) in preference to
fayalite (Fe2SiO4). In low silica iron-silicate slag systems the presence of calcium oxide, up to about
12 wt%, will effectively reduce the free-flowing temperature of the resulting slag by approximately
50˚C, but at levels of >15 wt%, calcium oxide will act to raise the free-flowing temperature of the
slag considerably (Tylecote 1962). This assumes there is sufficient silica present for the calcium
oxide to react with, if insufficient silica is present in the system then intermediate iron-calcium
oxides may form, such as calciowüstite and calcium ferrites. The benefits of lime as a flux in the
bloomery smelting process is therefore minimal, and it seems most likely that any lime detected in
bloomery smelting slag comes from the ore, the fuel ash or both.  The lower levels of calcium
135
observed in some smelting or smithing slags can generally be attributed to the charcoal ash, but
anything greater than 5 wt% is too high to be solely due to the fuel ash (Rothenberg 1983).
The use of lime as a smelting flux was uncommon in bloomery furnaces, and was not widely used
until the introduction of the blast furnace.  Limestone was calcined to produce lime, which was
introduced into the blast  furnace to preferentially  remove silica from the melt,  instead forming
calcium silicates, and effectively reducing the probability of silica combining with iron to form
fayalite. This allowed more efficient recovery of iron, with less being lost to fayalitic slag. As a
result of this, blast furnace slags are rich in calcium (~25 wt%) and silicon (~15 wt%) and very low
in iron (<0.5 wt%). Blast furnace slags often contain major levels of aluminium (~6 wt%) and
magnesium (~6 wt%), and minor levels of sulphur (~1 wt%).
The  temperatures  that  are  achievable  in  a  blast  furnace  are  significantly  higher  than  those
achievable in a bloom furnace, with temperatures sufficiently high to allow iron to form a low
viscosity fully molten liquid. As the slag that forms in the blast furnace is less dense than the liquid
iron, it floats on its surface, as a low viscosity liquid that can easily be tapped off. Bloom furnace
temperatures  are  not  hot  enough to melt  calcium silicate  slags,  therefore calcium silicates  will
become immobile if present in large quantities in bloomery slag systems.
Calcium carbonate decomposes to lime and carbon dioxide at temperatures greater than 840°C,
through a process termed calcination;
CaCO3 → CaO + CO2
Then lime can combine with silica to form pyroxene or olivine system calcium silicates;
CaO + SiO2 → CaSiO3
2CaO + SiO2 → Ca2SiO4
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Lime can also bind sulphurous gasses preventing them from being incorporated into the metal;
CaO + SO3 → CaSO4
CaO + SO2 → CaSO3
2CaSO3 + O2 → 2CaSO4
In  high  silica  calcium-silicate  slag  systems,  some of  the  calcium oxide  may  be  substituted  by
magnesium or manganese oxides, and this  substitution will  not have a significant effect on the
melting temperature of the slag (Rosenqvist 1983). In low silica calcium-silicate slag systems the
substitution  of  up  to  10  wt%  of  the  lime  with  magnesia  (magnesium  oxide)  will  result  in  a
significant depression of the melting point of the bulk slag, and at concentration greater than 10 wt
%, magnesia acts to increase the melting point of the resulting slag (Rosenqvist 1983). The presence
of low levels of manganese oxide will also act to lower the melting point of calcium silicate slags,
but not to the extent of magnesia's affect.
Calcium silicates can occur as a range of different compounds with variable amounts of lime and
silica  represented  in  their  composition.  This  results  in  the  formation  of  numerous  stable  and
unstable  lime-silica  compounds,  the  most  probable  combinations  of  which  are;  wollastonite
(CaO·SiO2 or CaSiO3), rankinite (3CaO·2SiO2 or Ca3Si2O7), larnite/belite (2CaO·SiO2 or Ca2SiO4)
and alite (3CaO·SiO2  or  Ca3SiO5) (Zhu  et al 2011). Of these compounds the olivine larnite/belite
(dicalcium silicate) and the pyroxene wollastonite (monocalcium silicate) are the most stable and
therefore  the  most  common.  Alite  is  unstable  below  1250˚C  and  will  spontaneously
disproportionate to larnite and lime, however, if rapid cooling occurs the alite composition may be
preserved  in  a  metastable  form.  Due  to  the  high  calcium-silicon  nature  of  a  number  of  slag
specimens examined in this  study, the term  calcium silicates will  be applied to any lime-silica
phases, as it is currently undetermined which compounds are actually present.
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It is possible that calcareous fluxes, particularly the carbonates limestone (calcite/aragonite) and
marble (metamorphosed limestone), were used as oxygen-barrier type smithing fluxes in shaping
and finishing, but not welding processes. These carbonate compounds would have been ground to a
fine powder and applied directly to the hot metal surface, the decomposition of the carbonate would
evolve carbon dioxide, which acts as an inert gas blanket precluding oxygen from contact with the
underlying hot metal. Calcium silicate compounds may also have been used as  smithing fluxes.
Many other  silicates  and crystalline  polymorphs  of  silica  can  also  be  used  as  smithing  fluxes.
Elevated silica and lime observed in some smithing slags may be indicative of the use of siliceous
or calcareous fluxes during hot working and welding. As both silica and lime have a corresponding
increase in certain smithing slag samples it  is possible that a calcium-silica flux is being used,
probably in the form of minerals such as crushed wollastonite, larnite or silicified limestone. 
Certain elements that may be present in iron ores can combine with metallic iron at normal smelting
temperatures forming a poor quality or potentially unusable metal bloom, the two most common
examples are phosphorus and sulphur.
Phosphorus in iron ores can have a number of positive and negative affects on the resulting metallic
iron product. At low concentrations (0.05~0.12 wt%), phosphorus in metallic iron can be beneficial
as it will result in an increase in the metals strength, hardness and corrosion resistance, and will also
allow  the  metal  to  be  work  hardened  at  low  temperatures  (Misawa  et  al 1971).  At  higher
concentration (≥0.2 wt%) the resulting metal will become increasingly brittle at low temperatures or
cold  short.  When  concentrations  of  phosphorus  in  iron  reach  ≥0.6  wt%  the  metal  becomes
excessively brittle and essentially unusable (Rostoker & Bronson 1990).
The source of phosphorus in metallic iron is primarily from the ore, and it is not easily separated or
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removed by the processes of beneficiation, roasting, smelting or fluxing, therefore the selection of
low  phosphorus  ores  was  the  simplest  and  most  effective  method  of  avoiding  the  problems
associated  with  phosphorus  in  iron.  A proportion  of  the  phosphorus  present  in  an  ore  will  be
transferred to the slag upon smelting, and it is also possible for the slag to absorb phosphorus from
the fuel ash. In some cases it is thought that high phosphorus fuels were deliberately used in the
smelting process to introduce phosphorus into the metallic iron with the aim of gaining the more
favourable  attributes  of  this  alloy  (Kumar  & Balasubramaniam 2002).  Phosphorus  can  also  be
observed in smithing slags, in these cases the phosphorus will come from the iron metal being
smithed, the fuel ash or the flux.
Sulphur is another problematic element in iron bloom smelting, it is so problematic that sulphurous
ores  such  as  pyrites  were  generally  avoided  completely.  Sulphur  is  very  miscible  with  iron  at
normal smelting temperatures and the presence of sulphur in concentrations as low as 0.03 wt% can
have a noticeable effect on the workability of an iron bloom. Low levels of sulphur will be removed
from ores via the roasting process and as such will not be represented in any slag. Any sulphur
present during smelting can potentially be bound by lime to form gypsum or calcium sulphite,
which will be dissolved in the iron silicate slag, but the probability of this occurring to a great
extent at normal bloomery smelting temperatures is unlikely. It is highly likely that any sulphur
detected, in either bloom smelting slags or smithing slags, is derived from the fuel ash.
The elements sodium, potassium, aluminium, magnesium and titanium can be derived from the ore,
the fuel ash and the furnace lining in the the case of smelting slags, or the fuel ash and fluxes for
smithing  slags.  Both  sodium and  potassium form highly  reactive,  basic  simple  oxides  and are
typically  very mobile at  normal  smelting temperatures,  this  allows them to rapidly diffuse into
silicate  systems (Krause & Loch 2012).  They can have the effect  of significantly lowering the
melting temperature of these silicate systems in high concentrations, and in lower concentrations,
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they  can  disrupt  the  microstructure  of  the  solidifying  system  causing  vitrification  rather  than
crystallisation, in a process identical to that of a network modifier in glass (Krause & Loch 2012).
Formation of sodium and potassium silicates;
Na2O + SiO2 → Na2SiO3
2Na2O + SiO2 → Na4SiO4
K2O + SiO2 → K2SiO3
2K2O + SiO2 → K4SiO4
Aluminium's simple oxide, alumina (Al2O3), can act as an amphoteric component in slag systems; in
acidic slags it acts as a network modifier, and in basic slags it acts as a network former. When acting
as an acidic component in the presence of basic slag, alumina will often combine with wüstite to
form the spinel compound hercynite (FeAl2O4). When acting as a basic component in the presence
of acidic slag, alumina can combine with silica to form the mineral  mullite.   Alumina can also
combine with silica to  form up to three temperature and pressure dependent silicate  crystalline
polymorphs,  known  as  kyanite,  andalusite,  and  sillimanite.  All  of  these  polymorphs  have  the
general formula Al2SiO5. If any of these crystalline polymorphs experience temperatures >1100˚C at
normal atmospheric pressure they will decompose forming the mineral  mullite, with the general
formula 3Al2O3·2SiO2 or 2Al2O3·SiO2. Mullite is the only stable intermediate phase in the alumina-
silica system at normal atmospheric pressure.
Alumina can also form a number of additional minerals, the most common of which are the calcium
aluminium  silicate,  anorthite (CaAl2Si2O8),  and  the  potassium  aluminium  silicate,  kalsilite
(KAlSiO4) (Kresten & Serning 1983). Ores with >2 wt% alumina can significantly increase the
melting point and therefore the viscosity of the resulting slag, in extreme cases this can lead to a
fully immobilised slag. Low alumina ores were often chosen to negate this issue, but in situations
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were this was not an option, washing the crushed ore during beneficiation, or the addition of lime to
the ore charge could reduce the availability, or effects of alumina to some extent. The presence of
alumina in a fayalitic slag system up to 5 wt% will form a solution that will reduce the melting
point  and viscosity  of  the  resulting  slag (Downey  et  al 2012).  If  the concentration of  alumina
exceeds 5 wt%  both hercynite and anorthite can form, significantly increasing the melting point
and  viscosity  of  the  slag  system  (Downey  et  al 2012).  It  appears  that  much  of  the  alumina
determined in smelting slags may not be from the ore, but rather from the furnace lining. 
The simple oxide form of titanium is known mineralogically as titania or rutile and has the general
formula TiO2. Titania will typically act as an acidic component in slag and as such will combine
with wüstite and lime to form ilmenite (FeTiO3) and perovskite (CaTiO3) respectively. Titanium can
also exhibit  a  range of  reduced oxides,  similarly to iron,  which can lead to  miscalculations  of
stoichiometries and oxygen content when using simple oxide models.
The presence of most basic oxides, in silicate and phosphate slag systems, at concentrations up to
approximately 10 wt% will generally lower the overall melting point and viscosity of the resulting
slag,  however  some oxides,  particularly  acidic  and  amphoteric  oxides  will  act  to  increase  the
melting  point  (Ray  2006).  The  simple  metal  oxides  of  iron,  manganese,  sodium,  potassium,
magnesium and calcium are the most important of the basic metal oxides in smelting slag systems.
Apart from the wüstite that is present in many bloomery slag systems, the  alkaline earth metals
magnesium  and  calcium  will  be  the  most  commonly  observed  in  smelting  slag  systems.  The
strongly alkali metals sodium and potassium are powerful viscosity modifiers, that will reduce the
melting point and viscosity of slag significantly, and will have a greater effect than both lime and
magnesia.  It is common for both sodium and potassium to concentrate in the vitreous phase of
smelting slags.
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The origins of all elements observed in actual slag can be divided into four potential sources, these
are; ore derived elements, fuel or ash derived elements, flux derived elements, and furnace or hearth
(lining) derived elements. Some elements may be source specific, whilst others could potentially
come from multiple sources. Slags may also contain non-oxide compounds, these include but are
not limited to carbides, sulphides and halides. Many archaeological slags will additionally contain
inclusions that have not been derived as a direct bi-product of the smelting or smithing processes,
these inclusions will be in the form of mineral and rock fragments, fuel and ash fragments, metallic
prills, and fragments of furnace or hearth lining.
3.1 Slag Basicity
Any impurity oxides in iron ore will exhibit either basic or acidic properties. Basic oxides are those
which donate oxide ions (O2-) to the slag system, whilst acidic oxides are those which accept oxide
ions from the slag system (Moore 1990). In terms of reactivity, basic oxides will react with acidic
slags but not with basic slags, and acidic oxides will react with basic slags but not acidic slags
(Moore 1990). There is an additional group of oxides which can react with either acidic or basic
slags, these oxides are termed amphoteric oxides.
Acidic Basic Amphoteric
SiO2
P2O5
Al2O3
TiO2
FeO
CaO
MgO
MnO
K2O
Na2O
Fe2O3
Al2O3
Table.17. List of some common acidic, basic and amphoteric oxides that can be found in iron slags.
Al2O3 is  typically  considered  as  acidic  but  can  exhibit  amphoteric  characteristic  under  certain
conditions.
Fully molten slag exhibits an ionic structure, where the molten oxides exist as a mixture of separate
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cations and anions (Bhardwaj 2014, 169). An example of this is the ionisation of wüstite to generate
a ferrous cation and an oxide anion, and the combination of silica with two oxide anions to form the
orthosilicate anion, or the combination of two silica molecules with two oxide anions to form the
orthopyroxene anion.
Basic oxides will ionise as follows;
FeO ↔ Fe2+ + O2-
Al2O3 ↔ 2Al3+ + 3O2-
Whilst acidic oxides will ionise as follows;
SiO2 + 2O2- ↔ SiO44-
2SiO2 + 2O2- ↔ Si2O64-
P2O5 + 3O2- ↔ 2(PO4)3-
Al2O3 + O2- ↔ Al2O42-
To form a neutral compound the newly generated cations and anions can recombine as follows;
2Fe2+ + SiO44- ↔ Fe2SiO4
2Fe2+ + Si2O64- ↔ Fe2Si2O6
Considering the above reactions it is clear that in silicate systems with excess basic metal oxides,
one molecule of silica is neutralised by two molecules of wüstite to form neutral fayalite (Moore
1990). In systems depleted of basic metal oxides two molecules of silica can also be neutralised by
two molecules of wüstite to form neutral ferrosilite (Moore 1990). According to Bowen's reaction
series,  as  silicate  systems  begin  to  recrystallise  from  an  isolated  liquid  melt,  olivines  will
recrystallise first, removing metal cations from the melt at a rate of two divalent metal cations for
every one silicate anion (Harnung & Johnson 2012). This process concentrates silica and depletes
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basic metal oxides within the melt system, ensuring the melt remains predominantly acidic. If no
additional  basic  metal  oxides  enter  the  system,  the  cation-anion  combination  ratio  eventually
changes to one metal cations for every one silicate anion, forming pyroxenes (Harnung & Johnson
2012). As there is always excess wüstite in bloom smelting systems it is unlikely that pyroxenes
will be formed to any great extent, except through post-depositional processes.
A basic  slag is  a  slag  which  contains  more basic  oxides  than  neutral  orthosilicate  compounds,
therefore this slag will have an excess of oxide ions. An acidic slag is a slag which contains more
acidic  oxides  than  neutral  orthosilicate  compounds.  Typically  slags  with  high  lime content  are
referred to as basic slags, whilst slags with high silica contents are termed acidic slags. Slag basicity
can be represented simply as a ratio of lime to silica, or a ratio of lime and magnesia to silica and
alumina or phosphorus pentoxide.
Wüstite rich smelting slags typically exhibit between 20 and 30 wt% 'FeO' as an independent phase,
the remaining iron in the system is present as both fayalite, which typically represents 45 to 65 wt
%, and a fayalitic vitreous phase, which typically represents 10 to 25 wt%. Smelting slag systems
poor in wüstite typically exhibit almost equal amounts of the fayalite and vitreous phase. Both of
these  smelting  systems  are  therefore  acidic  slag  systems.  Smithing  slag  systems  appear  to  be
dominated by mixed iron oxides, which makes these slag systems more basic. 
3.2 Redox Potential
Slags composed primarily of silicon, calcium, aluminium and/or magnesium oxides do not typically
demonstrate compositional variations with changes in furnace redox potential, and generally exhibit
almost ideal stoichiometric compositions (Rosenqvist 1983). Slags that contain appreciable amounts
of iron, manganese and/or titanium can exhibit a range of compositions and oxygen stoichiometries
depending on the redox conditions at the time of formation, this is due to these elements having
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variable oxidation states (Rosenqvist 1983). Iron, manganese and titanium all have two common
possible  oxidation  states,  this  result  in  them  forming  various  different  oxides  with  different
stoichiometries. Many of the oxides formed are only stable at high temperatures or under reducing
conditions, but may be maintained in metastable form via a number of mechanisms, often these
reduced oxides will undergo disproportionation and oxidation over extended periods of time.
Element Oxidation State Oxides
Iron Fe2+ and Fe3+ FeO, Fe3O4 and Fe2O3.
Manganese Mn2+ and Mn3+ MnO and Mn2O3
Titanium Ti3+ and Ti4+ TiO2, Ti3O5 and Ti2O3
Table.18. Oxides that can form from iron, manganese and titanium.
3.3 Potential Phase Compositions of Slag
In the following section a number of phase diagrams will be presented that depict various different
chemical systems that are likely to be present in slags. As with any phase diagram, all indicated
compositions are only formed under idealised equilibrium conditions, which are unlikely to be fully
realised in furnace and hearth environments, however these diagrams serve a purpose insomuch as
they provide an insight into potential phase compositions and melting points at said compositions.
The first two phase diagrams depicted below (Fig.27. & Fig.28.) display the relationship between
iron, calcium and oxygen for both the lime-wüstite system in reducing environments, and the lime-
hematite system in oxidising environments. These two phase diagrams are of particular importance
to the Tell  Dhiban and Armenian Garden specimens as both of these assemblages display high
calcium-iron-oxygen systems in approximately fifty percent of the specimens.
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Fig.27. Phase diagram for the lime-wüstite system, after Muan and Osborn (1965). Key: dicalcium
ferrite (C2F), calciowüstite (CW), liquid (L), CaO-rich CaO-iron oxide solid solution (CaO(ss)).
Wüstite can contain up to 28 wt% lime in solid solution, whereas lime can only contain up to 10 wt
% 'FeO' in solid solution (Allen & Snow 1955). The wüstite-lime solid solution system, or systems
with reduced iron oxide and lime in intimate contact, can result in iron-calcium cation exchange.
The presence of calcium cations substituted within the wüstite crystal lattice, at concentrations of
greater than or equal to Fe0.832Ca0.028O1, causes a long-range topotactic transition within the materials
structure,  significantly  improving  its  stability  and  effectively  preventing  disproportionation  to
magnetite  and  α-iron  at  temperatures  below  570˚C  (Tazi  et  al 1995).  Other  metal  cations,
particularly aluminium and potassium, substituted within  the wüstite  crystal  structure may also
positively influence stability (Li  et al 2004). Higher concentrations of lime in solid solution with
wüstite can result in the formation of additional iron-calcium oxide compounds such as calcium
ferrite or dicalcium ferrite (Kang 1971). Cirilli and Burdese (1954) demonstrated that the dicalcium
ferrite phase is stable relative to the lime-wüstite solid state solution below 1070˚C, with the reverse
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being  true  above  this  temperature.  The  majority  of  samples  from  both  Tell  Dhiban  and  the
Armenian Garden display minor to major levels of calcium in the iron oxide phases, examining the
above phase diagram, it is most probable that these phases are composed of calciowüstite. 
Fig.28. Phase diagram for the lime-hematite system, after Phillips and Muan (1960). Key: dicalcium
ferrite (C2F), liquid (L), monocalcium ferrite (CF), calcium diferrite (CF2), hematite (H), magnetite
(M), solid solution (ss).
It can be seen from the above phase diagrams that the iron-calcium-oxygen reducing system has a
eutectic  transformation  composition  of  approximately  70%  'FeO'  and  30%  CaO  with  a
corresponding melting  point  of  ~1100˚C.  Oxidising  system of  the  same elemental  composition
exhibit a eutectic transformation composition of approximately 80% Fe2O3 and 20% CaO with a
melting point of ~1200˚C. High CaO slag specimens examined in this study exhibited between 10
wt% to 30 wt% CaO for the Tell Dhiban assemblage, and  10 wt% to 20 wt% CaO for the Armenian
Garden assemblage.
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There are three major calcium-iron-oxygen compounds that are likely to form in systems containing
these  elements,  they  are;  dicalcium ferrite  (2CaO·Fe2O3 or  Ca2Fe2O5),  which  is  also  known as
brownmillerite or srebrodolskite and is a perovskite group mineral; monocalcium ferrite (CaO·Fe2O3
or CaFe2O4),  which  is  a  spinel  group mineral;  and calcium diferrite  (CaO·2Fe2O3 or  CaFe4O7),
which is metastable and decomposes at temperatures greater than 1320°C to form Fe2O3 + CaFe2O4
(Hughes et al 1967).
There are  numerous additional  calcium-iron-oxygen compounds,  which  vary in  their  individual
stabilities and formation conditions, these include but are not limited to the following most common
combinations (Hughes et al 1967);
Ca2Fe3O5 (2CaO·3FeO) 
CaFe2O3 (CaO·2FeO)
CaFe3O5 (CaO·FeO·Fe2O3)
CaFe5O7 (CaO·3FeO·Fe2O3)
Ca4Fe9O17 (4CaO·FeO·4Fe2O3)
Ca4Fe17O29 (4CaO·FeO·8Fe2O3)
Ca4Fe19O32 (4CaO·FeO·9Fe2O3)
Ca3Fe15O25 (3CaO·FeO·7Fe2O3)
Ca4Fe14O25 (4CaO·7Fe2O3)
This demonstrates the variability of these particular compounds, and as such, any phases containing
calcium-iron-oxygen  as  their  major  elemental  components  will  be  collectively  termed  calcium
ferrites to reflect the compositional uncertainty.
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Fig.29. Phase diagram for the nesosilicate (orthosilicate) system Ca2SiO4-Fe2SiO4 (larnite-fayalite
endmembers), also indicated is the intermediate CaFeSiO4 (kirschsteinite) (Bowen et al 1933a).
Examining the phase diagram above (Fig.29.) it is apparent that calcium-iron olivines form solid
solutions with limited solubility (Bowen et al 1933a). The extreme member fayalite has a melting
point of 1205°C and the extreme member with the highest amount of calcium contains 42% fayalite
and 58% larnite by weight. It is possible to follow the solid solution system from fayalite through
kirschsteinite to a calcium-iron olivine with extreme saturation with lime. 
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Fig.30. FeO-CaO-SiO2 ternary phase diagram (Ray 2006)
In  the  CaO-FeO-SiO2 system  the  phases  larnite  (Ca2SiO4),  fayalite  (Fe2SiO4),  lime  (CaO),
wollastonite  (CaSiO3),  wüstite  (FeO) and tridymite  /  cristobalite  (SiO2)  dominate  (Bowen  et  al
1933b). As equilibrium conditions will never be achieved in smelting furnaces or smithing hearths
additional phases are likely to be present, these include the other iron oxides, hematite (Fe2O3) and
Magnetite  (Fe3O4),  as  well  as  monocalcium ferrite  (CaFe2O4)  and dicalcium ferrite  (Ca2Fe2O5),
calcium diferrite (CaFe4O7), calciowüstite ((Ca,Fe)O), and kirschsteinite / hedenbergite (CaFeSiO4 /
CaFeSi2O6).  Many of the components will also form solid solutions to a greater or lesser extent,
with many of the EDX from this study spectra collected displaying intermediate compositions. 
As the majority of non-iron oxide only specimens examined in this study display calcium silicate
phases alongside calcium ferrite phases, the above two phase diagrams (Fig.29. & Fig.30.) of the
systems  Ca2SiO4-Fe2SiO4 and  CaO-FeO-SiO2 should  be  considered  together  with  the  previous
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lime-wüstite and  lime-hematite systems (Fig.27. & Fig.28.), to elucidate potential compounds that
may be present in these specimens.
Fig.31. FeO-SiO2 binary phase diagram (Levin et al 1964)
Fayalite demonstrates an ideal  composition of 70% wt.  wüstite and 30% wt.  silica,  therefore a
minimum ratio  of   2.33:1   (wüstite:silica)  is  necessary  to  slag  all  silica  present  in  the  system
(Bachmann 2005). A ratio greater than this will result in the formation of excess wüstite, and a ratio
of less than this will result in the formation of a finely dispersed solid silica phase. Both tridymite
and  cristobalite  are  crystalline  polymorphs  of  silica,  cristobalite  is  stable  above  1470˚C,  and
metastable below this temperature, converting to tridymite.
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Fig.32. FeO-SiO2-CaAl2Si2O8 ternary phase diagram (Schairer 1942)
The ternary diagram above depicts the wüstite-silica-anorthite system. Anorthite is the calcium rich
endmember  of  plagioclase  feldspar.  Morton  &  Wingrove  (1969)  proposed  using  a  FeO-SiO2-
CaAl2Si2O8 system  to  represent  bloomery  slags,  as  this  particular  compositional  system  is
considered to provide the closest available approximation.  This system cannot be considered as
useful for smithing slags which contain both hematite and magnetite,  and may not contain any
significant wüstite or fayalite. Key:  anorthite (an), tridymite (trd), cristobalite (crs), fayalite (fa),
wüstite (wus), and hercynite (hc).
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Fig.33. Combined phase diagram of the Fe2O3-FeO-CaO-SiO2 system (Rosenqvist 1983).
The above phase diagram is a combination of three ternary phase diagrams for system Fe2O3-FeO-
CaO (left), FeO-CaO-SiO2 (middle), and Fe2O3-FeO-SiO2 (right). Overall this diagram displays the
liquidus isotherm temperatures in the Fe2O3-FeO-CaO-SiO2 system, which is  the most  probable
system for the smithing slags in this study. The shaded areas in the diagram indicate; A – acid
steelmaking slag; B – basic steelmaking slag; C – copper and lead smelting slags projected on to the
FeO-CaO-SiO2 system; D – copper and lead smelting slags projected on to the Fe2O3-FeO-SiO2
system; E – lime ferrite slags.
3.4 Sources of Raw Materials – Geology of the Southern Levant
The eastern Mediterranean and the areas that surround the southern Levant are located in a region
where the African, Arabian and Eurasian tectonic plates interact. The southern Levant lies on the
north-western end of the Arabian Plate and is in a zone of highly deformed geology, affected by
folds and faults (Hardy  et al 2010). These structures formed through the action of a number of
tectonic  events  in  the  Upper  Triassic  Period  that  caused the  onset  of  rifting,  which  led  to  the
eventual development of the Levantine basin (Garfunkel & Derin 1984).
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The Levantine basin is filled with a sedimentary plain that ranges in thickness between ten and
fourteen  kilometres  (Makris  et  al 1983).  Aeolian  and  fluvial  erosion  processes,  and  plastic
deformation  processes  have  modified  this  plain  causing  regional  thinning  and  exposure  of
stratigraphic layers, as well as topographic changes due to uplifting.
Within this  sedimentary stack there are very few metalliferous ore deposits  (Hauptmann 2000).
However, within the mountain ranges that have formed in the subduction zones at the contact points
between  the  Arabian  Plate,  the  Anatolian  Plate  and  the  Eurasian  Plate,  numerous  large  scale
metalliferous ore deposits can be found (Hauptmann 2007). Numerous rich iron ore deposits can
also be found throughout Anatolia, north-western Iran, the eastern and western Egyptian deserts,
and the Sinai Peninsula (Alamri 2007, Pigot 1981) (Fig.34.).
Fig.34. Iron ore deposits in the eastern Mediterranean and the Levant.
(Pigot 1981, modified by Alamri 2007). 
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The  sedimentary  plane  that  covers  the  Levantine  basin  is  composed  of  numerous  rock  types
including;  sandstone,  claystone,  marlstone,  chalk,  limestone,  dolomite,  dolomitic  limestone  and
silicified limestone, as well as mixtures of these rock types (Powell & Moh'd 2011, Hardy  et al
2010). These sedimentary layers are deposited on top of the Precambrian baserock of the Arabian
Plate, and were laid down by paralic and alluvial deposition in the deep strata, which are overlaid
by carbonate platform and pelagic ramp deposits (Powell & Moh'd 2011). All of these deposits were
laid down during the Cretaceous to Eocene periods,  and have been deposited in a sequence of
stratigraphic  contexts  which  can  be  divided  in  to  three  sedimentary  megasequences,  these  are
Kurnub, Ajlun and Belqa (Powell & Moh'd 2011).
3.4.1 Sources of Raw Materials – Iron Ore Deposits in the Southern Levant
The southern Levant has very few large iron ore deposits when compared to those found in the
surrounding regions of the Near East. The largest ore body discovered so far is located at Mugharet
al-Warda and it is the only known deposit in the wider region. There are numerous scattered minor
iron ore occurrences throughout the region, but all show limited reserves and generally consist of
poor ores. The majority of these scattered deposits exhibit approximately 15 wt% of hematite and
numerous associated minerals (Burgath et al 1984). 
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Fig.35. Location of minor ore occurrences within the southern Levant along with the major deposit
at Mugharet al-Warda. (Image modified from Alamri 2007)
There have been no major geochemical investigations of the ores from Mugharet al-Warda, and
only a limited number of small scale studies of the ore and the host rocks have been published up to
now (Bender 1968, Abu Ajamieh et al 1988, Saffarini 1989, Alamri 2007). However, these studies
have revealed that the major component of the ore is hematite, with an average content of 68 wt%
(Abu Ajamieh et al 1988). Minor components are represented by limonite, goethite, calcite, quartz
and chalcedony (Bender 1968, Saffarini 1989). The ore itself has been hydrothermally deposited
through  magmatic  epithermal  metasomatism (Bender  1968,  Saffarini  1989).  The  Mugharet  al-
Warda ore body appears as a lenticular vein some three-hundred metres long, two-hundred metres
wide, and ten metres thick and is embedded between limestone layers (Saffarini 1989).
3.4.2 Sources of Raw Materials – Composition of the Ore
In a study performed by Alamri (2007), twenty-four iron ore specimens were collected from the
Mugharet al-Warda mine for chemical analysis. These samples were also subjected to lead isotope
analysis. Below are the results of those chemical analyses, all of the data has been normalised for
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convenience of comparison, as the raw result totals range from 75.21 wt% to 99.48 wt% (Table.19.).
Alamri commented that between about 7.4 wt% and 20 wt% of samples has been lost due to the loss
of ignition as CO2 and H2O. The result of these analyses show that the ore exhibits an average
composition of 81.9 wt% hematite, 10.7 wt% lime, 6 wt% silica and 1 wt% alumina, with all other
detected oxides making up only 0.4 wt%.
Table.19. The Normalised chemical compositions of iron ore samples from Mugharet al-Warda.
nd = not detected; below the limits of detection for the instrument. Sample analysis conducted by
ICP-AES. (Modified from Alamri 2007).
The  chemical  composition  of  the  iron  ore  from  Mugharet  al-Warda  was  also  investigated  by
Veldhuijzen and Rehren (2007), who used pXRF to determine the composition of two individual
samples of ore, with the average of those two analyses given in the table below (Table.20.).  The
result of these analyses show that the ore exhibits an average composition of 89.9 wt% wüstite, 4.4
wt% lime, and 4.9 wt% silica, with all other detected oxides making up only 0.6 wt%.
157
Sample ID Fe2O3 CaO SiO2 MgO Al2O3 P2O5 Na2O TiO2 MnO Total
JD19/2c 97.02 1.25 1.07 0.22 0.28 0.08 0.02 0.04 nd 100.00
JD19/4 82.21 15.55 1.67 0.26 0.21 0.07 0.02 0.01 nd 100.00
JD19/10 71.17 24.06 3.29 0.42 0.94 0.05 0.02 0.04 0.01 100.00
JD19/11 73.51 22.52 2.60 0.48 0.54 0.05 0.01 0.25 0.03 100.00
JD19/12 95.13 0.24 4.11 0.01 0.32 0.07 0.01 0.09 0.01 100.00
JD19/14 83.40 14.38 1.44 0.24 0.43 0.05 0.03 0.02 0.01 100.00
JD19/15 86.82 10.38 2.10 0.18 0.42 0.05 0.01 0.01 0.02 100.00
JD19/16 97.55 0.65 1.43 nd 0.26 0.07 0.03 0.01 nd 100.00
JD19/17 94.47 1.18 3.98 0.03 0.22 0.08 0.02 0.02 nd 100.00
JD19/18 64.73 31.46 2.25 0.58 0.74 0.05 0.02 0.03 0.14 100.00
JD19/19 92.96 3.62 2.40 0.18 0.71 0.09 0.01 0.01 nd 100.00
JD19-05-23 58.01 15.56 8.58 0.94 16.59 nd nd 0.04 0.27 100.00
JD19-05-24 59.30 36.83 2.79 0.84 0.19 nd 0.03 0.03 nd 100.00
JD19-05-25 97.57 0.09 1.76 0.07 0.30 nd 0.18 0.01 0.01 100.00
JD19-05-27a 85.61 0.13 13.84 nd 0.11 nd 0.03 0.28 nd 100.00
JD19-05-27b 78.04 16.75 4.67 0.27 0.19 nd 0.04 0.04 nd 100.00
JD19-05-28a 97.65 0.17 1.87 0.04 0.23 nd 0.02 0.02 nd 100.00
JD19-05-28b 75.97 0.11 23.63 nd 0.05 nd 0.02 0.22 nd 100.00
JD19-05-29 64.82 0.79 34.16 0.03 0.15 nd 0.02 0.02 nd 100.00
JD19-05-30 92.38 0.15 7.17 nd 0.07 0.05 0.02 0.16 nd 100.00
JD19-05-31 57.38 35.70 5.82 0.89 0.15 nd 0.01 0.05 nd 100.00
JD19-05-32 74.69 17.63 7.18 0.24 0.19 nd 0.02 0.05 nd 100.00
JD19-05-33 92.85 1.61 5.05 0.04 0.02 0.05 0.01 0.37 nd 100.00
JD19-05-34 92.38 5.43 1.96 0.15 0.06 nd 0.01 nd nd 100.00
81.90 10.68 6.03 0.25 0.98 0.03 0.02 0.08 0.02 100.00
Table.20. The composition of Mugharet al-Warda iron ore as determined by pXRF (Veldhuijzen &
Rehren 2007). The results of this analysis show an almost ideal composition for hematite ore, which
should exhibit 89.98% FeO total (Sharp & Mittwede 2011).
The composition of this ore is particularly rich in iron and poor in silica, with a moderate amount of
calcium. The ore analysis results by Alamri (2007) exhibit an average of 57.28 wt% elemental iron
and  6.03  wt% silica,  whilst  the  analysis  results  by  Veldhuijzen  and  Rehren  (2007)  exhibit  an
average of 69.88 wt% elemental iron and 4.86 wt% silica, and in a well controlled smelting process
it could be possible to potentially recover between 35 wt% and 60 wt% of the elemental iron in the
ore.
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FeO CaO SiO2 MgO Al2O3 P2O5 K2O TiO2 MnO Total
Mugharet al Warda hematite ore 89.90 4.36 4.86 0.17 0.17 0.16 0.01 0.05 0.05 99.73
Chapter 4
4.0 Iron Chemistry and Iron Metallurgy
Iron rarely occurs as a native metal on the Earth’s surface, this is due to the tendency of metallic
iron  to  readily  form oxides  and oxide-hydroxides  at  normal  environmental  temperatures  in  the
presence of both moisture and air, through a process known as rusting.
Throughout this document the terms reduction and oxidation are used, these two processes include
all chemical reactions in which the  oxidation state of a species is changed, and collectively these
reaction  types  are  termed  redox reactions.  Redox reactions  involve  the  movement  of  electrons
between ions,  atoms and/or  molecules.  If  electrons  are  lost  from an ion,  atom or molecule,  its
oxidation state is said to have increased, and the species is oxidised. If electrons are gained by an
ion, atom or molecule, its oxidation state is said to have decreased, and the species is reduced.
Therefore, simply, oxidation is loss of electrons and reduction is gain of electrons. Due to electrons
possessing  a  negative  electrical  charge,  oxidation  will  result  in  a  more  positive  charge,  whilst
reduction results in a more negative charge. An oxidising agent or oxidant that oxidises a species is
itself reduced, and conversely a reducing agent or reductant that reduces a species is itself oxidised.
Therefore in all redox processes, the reductant transfers electrons to the oxidant.
In terms of standard electrode potentials, the liberation of three electrons from an iron atom to form
the oxidised ferric ion, Fe3+, has the lowest potential energy requirement and is therefore the most
likely transformation mechanism (Predel  1995).  The oxidation of  Fe2+ to  Fe3+ is  a  spontaneous
conversion  (hence  the  negative  standard  electrode  potential  value),  which  occurs  due  to  the
increased stability of the electron configuration of Fe3+, in having a half-full 3d electron shell.
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Standard electrode potentials in Volts
(a) Fe(s) → Fe2+(aq) + 2e- +0.44E˚
(b) Fe(s) → Fe3+(aq) + 3e- +0.04E˚
(c) Fe2+(aq) → Fe3+(aq) + e- -0.77E˚
(Source: Predel 1995)
Electron Configurations of Iron and its Ions
Fe [Ar] 4s2 3d6
Fe2+ [Ar] 3d6
Fe3+ [Ar] 3d5
The ferric Fe3+ ion can be described as having an oxidation state of three-plus (3+), whilst  the
standard oxidation state of monoatomic oxygen is two-minus (2-). To form a stable oxide molecule
these charges must balance. Stable molecular diatomic oxygen can be reduced to two oxide ions
(O2-) with the addition of four electrons as shown in the following half-reaction;
(i) O2 + 4e- → 2O2-
And atomic iron can be oxidised to the ferric ion Fe3+ by liberating three electrons as shown in the
following half-reaction;
(ii) Fe → Fe3+ + 3e-
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To balance the charges on both the iron and oxygen ions a ratio of 2:3 is required respectively,
however this does not account for the number of electrons necessary to complete the redox reaction
and therefore this reaction is not the complete whole reaction;
(iii) 2Fe3+ + 3O2- → Fe2O3
The electrons required in  equation (i)  to form the two oxide ions can be accounted for by the
electrons liberated in equation (ii). To balance the oxidation states and total electrons a ratio of 4:6
is necessary, and this reaction represents the overall balanced whole reaction;
(iv) 4Fe + 3O2 → 2Fe2O3
As this  reaction is  generally mediated by water,  the half-reaction for the reduction of diatomic
oxygen can also be represented as the formation of four hydroxide ions;
(v) O2 + 4e- + 2H2O→ 4OH-
Reaction condition may alternatively favour the formation of the ferrous ion Fe2+ by liberating two
electrons as shown in the following half-reaction;
(vi) Fe → Fe2+ + 2e-
The Fe2+ generated by this process will then undergo further spontaneous oxidation to Fe3+ resulting
in the formation of an additional two oxide ions for every four iron ions;
(vii) 4Fe2+ + O2 → 4Fe3+ + 2O2-
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The  following  equations  demonstrate  the  reactions  that  can  occur  when  combining  the  above
reactions (ii), (v), (vi), and (vii), leading to the formation of both hydrated iron (II) oxide and iron
(III) oxide;
(a) Fe2+ + 2OH- → Fe(OH)2
(b) Fe3+ + 3OH- → Fe(OH)3
(c) Fe(OH)2 ↔ FeO + H2O
(d) Fe(OH)3 ↔ FeO(OH) + H2O
(e) 2FeO(OH) ↔ Fe2O3 + H2O
In low oxygen environments ferrous oxides and mixed ferrous-ferric oxides will form preferentially,
whilst in oxygen rich environments ferric oxide formation will be favourable.
Iron (III) oxide (Fe2O3), known mineralogically as hematite or maghemite depending on the specific
crystallographic  microstructure,  is  the  most  stable  of  the  iron  oxides  in  air  and  is  the  most
favourable final iron oxidation product when metallic iron and divalent iron minerals are exposed to
aerobic  weathering  at  the  Earth’s  surface  (Schwertmann  2008).  Typically  hematite  will  form
preferentially, however, if magnetite is the primary mineral being oxidised the topotactic structural
transition will favour the formation of maghemite (Fontes & Weed 1991).
Below is the idealised equation for the oxidation of magnetite to maghemite;
4Fe3O4(s) + O2(g) → 6Fe2O3(s)
Low temperature oxidation, that is,  oxidation at normal environmental temperatures, of metallic
iron and divalent iron bearing minerals can result in the formation of both magnetite (Fe3O4) and
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hematite  (Fe2O3),  depending on the  quantity  of  available  oxygen in the formation  environment
dynamics.  However,  over time magnetite will  undergo progressive oxidation to the more stable
hematite or iron (III) oxide hydroxides.
This oxidation process is an electrochemical reaction, which is driven primarily by the presence of
oxygen and is  mediated  by  water,  as  such it  typically  proceeds  at  a  relatively  slow rate.  This
reaction can be accelerated either by heat or by the presence of compounds that can be dissolved in
the mediating water such as oxidising agents, acids, bases and other electrolytes.  As water is the
primary  mediator  in  this  reaction,  the  resulting  oxidation  products  are  very  often  hydrated,
appearing as hydrated iron (III) oxide (Fe2O3·H2O which can also be represented stoichiometrically
as 2FeO(OH)) and hydrated mixed iron (III) oxide-hydroxides (FeO(OH)·nH2O).
The oxidation of metallic iron and iron (II) bearing minerals can also occur without the involvement
of water, at elevated temperatures, generating both iron (II) and iron (III) oxides depending on the
initial iron species and the surrounding reaction atmosphere, this type of thermochemical reaction
typically occurs at a much faster rate, with the reaction rate increasing with temperature; metallic
iron will spontaneously oxidise in air at temperatures of  ≥800˚C.  High temperature oxidation of
metallic iron gives rise to what is known as scales, these will form on the exposed surfaces of iron
metal during heating and hot-working in air and are often dislodged during hammering or by the
increase in volume of the oxide layer to form flake-like hammerscale. This flake type hammerscale
is composed primarily of magnetite (Dungworth & Wilkes 2009). When iron oxides and iron oxide-
hydroxides are exposed to temperatures of between 300˚C and 425˚C in a restricted oxygen or
partially reducing atmosphere, the reaction will result in the favourable formation of maghemite
(Schwertmann 2008). 
Iron bearing minerals will most often occur in the Earth's crust as either ferric oxides, ferric oxide-
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hydroxides, or as various ferrous oxides and ferrous silicates. Ferrous silicates are by far the most
common  mineral  constituent  of  the  Earth's  crust  and  immediate  subsurface,  and  are  a  major
component  of  many types  of  igneous  rock.  Ferrous  silicates  will  undergo  both  hydrolysis  and
oxidation to form ferric hydroxides and silicic acids when exposed to water and air at the Earth's
surface in a process termed chemical weathering. These hydrolysis and oxidation reactions can be
represented by the general formula;
4(Si-O-Fe2+-) + 4H2O + O2 → 4(Fe3+-OH) + 4(OH-Si-) + 2O2-
Two more specific examples of this oxidation and hydrolysis process have been given below; with
the first example's starting mineral being represented as the pyroxene ferrosilite, and the reaction
products represented as the iron (III) oxide-hydroxide goethite and orthosilicic acid. The second
example's starting mineral is represented as the olivine fayalite, with identical reaction products to
the first example. Both of these reactions result in the dissolution and mobilisation of silica in the
form of aqueous silicic acid, leaving behind the immobile oxidised iron as iron oxide-hydroxide,
often as a mineral pseudomorph.
2Fe2+SiO3(s) + 5H2O(l) + O2(g) → 2Fe3+O(OH)(s) + 2H4SiO4(aq) + O2-(aq)
2Fe22+SiO4(s) + 6H2O(l) + 2O2(g) → 4Fe3+O(OH)(s) + 2H4SiO4(aq) + 2O2-(aq)
Silicic acid is a weak acid formed from the hydration of silicate minerals and its formation results in
the eventual dissolution of silica in water.
SiO2(s) + H2O(l) → Si(OH)4(aq) or H4SiO4(aq)
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Silicic acid, as an acid can the ionise in water, liberating hydron cations according to the following;
Si(OH)4(aq)  H⇌ +(aq) + SiO(OH)3-(aq)
SiO(OH)3-(aq)   H⇌ +(aq) + SiO2(OH)22-(aq)
The weathering processes that are experienced by naturally occurring minerals are identical to the
weathering  processes  that  may  be  experienced  by  artificially  formed  minerals  in  slags.  The
weathering of both ferrous oxides and ferrous silicates in slags will result in the formation of ferric
oxides, ferric oxide-hydroxides and silicic acids. However, due to the fairly stable nature of slag, it
typically remains unaltered or is not significantly altered by its burial environment, often remaining
well preserved within the archaeological record (Serneels & Perret 2003).
Degraded slag will generally display a number of attributes identifying it as such. Weathered slag
cakes will often exhibit surface encrustations of hydrated ferric oxides and ferric oxide-hydroxides,
manifesting as a porous brown or orange friable layer, which can be powdery, flaky, amorphous or
crystalline. Extensive degradation of slag cakes will result in the cracking, break-up and ultimately
the disintegration of the structure (Fig.15.), due to the decrease in density and the accompanying
increase in volume of the more oxidised iron oxides and the formation of hydrated oxides and
oxide-hydroxides. Completely decayed slag cakes can form consolidated pseudomorphs, and these
will contain no metallic iron and no ferrous oxide.
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Compound Density (gcm-3)
FeO 5.7
Fe2O3 5.3
Fe3O4 5.1~5.2
Limonite 2.7~4.3
Goethite 3.3~4.3
Ferrihydrite 3.8
Table.21. This table shows the different iron oxides and iron oxide-hydroxides, along with their
densities.
As  a  result  of  iron's  reactivity  potential,  it  is  typically  found  combined  with  other  elements,
particularly  oxygen and silicon,  appearing  as  numerous  iron  bearing  compounds  and  minerals.
Concentrated and localised homogeneous deposits of iron rich minerals are found throughout the
Earth's crust,  these deposits are termed  iron ores.  The most technologically useful iron ores are
those which are commonly found as oxides, oxide-hydroxides and carbonates (Ramanaidou  et al
2008). By mass, iron is the sixth most abundant element in the observable Universe (Suess & Urey
1956), it is the most abundant element present in the Earth as a whole (Morgan & Anders 1980),
and it  is  the fourth most abundant element in the Earth’s crust  representing approximately five
percent by mass (Emsley 2001).
4.1 Iron Ores
Iron is the fourth most abundant element and the second most abundant metal in the Earth’s crust,
representing approximately 5.1 percent by mass (Morgan 1980). Iron exist predominantly in the
divalent (Fe2+) state in nature, appearing as a diverse range of igneous iron bearing primary minerals
based on silicates, sulphides and carbonates. These minerals include; pyroxene, amphibole, biotite,
olivine, siderite and pyrite minerals (Schwertmann 2008).  When these minerals are exposed at the
Earth's  surface  weathering  and  oxidation  readily  occur  forming  secondary  minerals  based  on
hydrated Fe3+ oxides. As discussed previously, iron can also exist in a trivalent (Fe3+) state and in
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this form it is at its most stable in air. Iron occurs in ore deposits mainly as oxides, appearing as
seven common compounds based on oxides and oxide-hydroxides (Schwertmann 2008) (Table.22.).
Iron ore also commonly occurs as the divalent iron carbonate siderite.
Form Name Formula Oxidation State of Fe
Oxide Hematite α-Fe2O3 III
Maghemite γ-Fe2O3 III
Magnetite Fe3O4 or FeO.Fe2O3 II/III
Oxide-hydroxide Goethite α-FeO(OH) III
Lepidocrocite γ-FeO(OH) III
Ferrihydrite Fe1.55O1.66(OH)1.34 III
Mixed hydrated oxide-hydroxides Limonite FeO(OH).nH2O III
Carbonate Siderite FeCO3 II
Table.22. Eight common iron ore minerals.
Of these eight iron bearing compounds five appear as viable ores, these are magnetite, hematite,
goethite,  siderite and limonite.  The high thermodynamic stability  of both goethite  and hematite
ensures that these minerals are the most common iron oxide ores (Schwertmann 2008).
Iron Ore Mineral Maximum Fe Content (wt.%)
Magnetite 72.4
Hematite 69.9
Goethite 62.9
Siderite 48.2
Limonite 37.0
Table.23. Maximum iron content of the common viable ores (Buchwald 2005).
Iron sulphide was not typically exploited as an iron ore source even though iron sulphide, also
known by its mineral name iron pyrite (FeS2), is the most common metal sulphide. This is because
sulphur  is  very  soluble  in  both  solid  and liquid  iron  at  normal  smelting  temperatures,  and the
presence  of  sulphur  in  metallic  iron  at  concentrations  of  greater  than  0.03  wt%  can  have  a
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noticeable  effect  on  the  workability  and  quality  final  metal  product (Gordon  1996).  Sulphur
concentrations of greater than 0.15 wt% can have a more serious impact, causing embrittlement and
cracking of the metal (Turner 1908). This results in a poor quality metal bloom which will easily
crack and oxidise, during either hot or cold working.
4.2 Iron Oxides
There are several compositional types and crystalline forms of iron oxides and oxide-hydroxides,
some with corresponding hydrated states. Below is a brief description of the most common of these.
Oxide Fe O
'FeO' or Fe0.95O 76.8 23.2
Fe3O4 72.36 27.64
Fe2O3 69.94 30.06
Table.24. Iron oxides and their weight percent iron and oxygen (Sarangi & Sarangi 2011).
Iron (II) oxide (FeO) – which is known more commonly as  iron monoxide or  ferrous oxide,  and
when  in  its  mineral  form  it  is  known  as  wüstite.  Iron  (II)  oxide  is  a  non-magnetic,  non-
stoichiometric compound that is typically cation deficient, with an Fe:O atomic ratio of between
0.84:1 to 0.95:1 rather than the expected 1:1. Pure iron (II) oxide has a melting point of 1377˚C and
is chemically stable between the temperatures of 575˚C to 1371˚C, but is metastable at normal
ambient temperatures, and slowly  disproportionates to metallic iron (α-iron) and  magnetite in a
non-oxidising environment  (Schwertmann 2008).  The oxidation state  of  iron in  wüstite is  Fe2+,
which is the reason for its metastability. It is extremely rare in nature when compared to the other
iron oxides, as it will readily oxidise to iron (III) oxides, primarily forming the hydrated oxides
goethite and limonite on the Earth's surface. The presence of wüstite is an indicator of a relatively
strong reducing formation environment.  Wüstite appears as dark grey to black in colour with a
metallic lustre.
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Disproportionation of iron (II) oxide to iron (II,III) oxide and metallic iron;
4FeO(s) → Fe(s) + Fe3O4(s)
Iron  (III)  oxide  (Fe2O3)  –  also  known as  ferric  oxide is  an  iron  sesquioxide,  and  is  the  most
important  iron  ore  mineral.  Iron  (III)  oxide  can  exist  as  two  different  modified  crystalline
polymorphs, identified as the  alpha phase and  gamma phase, and can also be hydrated to form
oxide-hydroxides (Schwertmann 2008).
Hydration of iron (III) oxide;
Fe2O3(s) + H2O(l) → Fe2O3·H2O(s) or 2FeO(OH)(s)
The alpha phase of iron (III) oxide (α-Fe2O3) is called  hematite and is the most common form of
iron (III)  oxide,  it  is  a  stable  compound that  exhibits  canted antiferromagnetism which can be
thought of as weak  ferromagnetism (Schwertmann 2008). Hematite demonstrates an almost ideal
stoichiometric  composition  with  an  Fe:O  atomic  ratio  of  1:1.5.  Pure  hematite  can  exhibit  an
appearance that ranges from bright red to dark red and metallic black to metallic grey. Hematite will
decompose when exposed to temperatures greater than 1457˚C to form magnetite and oxygen.
Decomposition of hematite at high temperatures;
6Fe2O3(s) → 4Fe3O4(s) + O2(g)
The  gamma  phase  of  iron  (III)  oxide  (γ-Fe2O3)  is  called  maghemite.  Maghemite  exhibits
ferrimagnetic properties and is metastable, it forms primarily from the oxidation of magnetite, but
can  also  form from the  oxidation  of  other  Fe2+ containing  minerals.  It  typically  forms  at  low
temperatures  (<50˚C),  although  it  can  form  at  elevated  temperatures  of  between  >300˚C  and
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<425˚C from  other Fe2+ and Fe3+ oxides and iron oxide-hydroxides in low oxygen environments
(Schwertmann  2008).  Temperatures  exceeding  425˚C  will  result  in  the  complete  structural
conversion from γ-Fe2O3 to α-Fe2O3. Maghemite appears as a non-stoichiometric compound with an
Fe:O atomic ratio of between the ideal 0.67:1 (1:1.5) to 0.72:1. Maghemite retains a magnetite like
crystalline microstructure, and can be thought of as possessing a Fe2+ deficient magnetite structure.
Maghemite typically appears as dark brown to yellow in colouration.
Iron (II,III)  oxide (Fe3O4 or  FeO·Fe2O3) – known as  ferrous-ferric oxide or  more commonly as
magnetite.  It  is  a  stable,  electrically  conductive,  ferrimagnetic  spinel  compound.  It  is  the most
magnetic naturally occurring mineral on Earth. It exists as mixture of iron (II) oxide and iron (III)
oxide in an almost ideal ratio of 1:2 respectively, however the compound can be non-stoichiometric
under certain conditions with an Fe:O atomic ratio that can vary between 0.744:1 to the ideal 0.75:1
(1:1.33)  (Harkins  1984).  Magnetite  rarely  occurs  in  nature  with  a  high  degree  of  purity,  and
commonly exhibits a number of associated trace level impurities including titanium, magnesium,
aluminium, nickel, chromium, vanadium and manganese.
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Fig.36. Iron-oxygen equilibrium diagram (Modified from Darken & Gurry 1953).
In the presence of air, molten iron oxide at temperatures of ~1540˚C should consist almost entirely
of  molten  magnetite  (ferrous-ferric  oxide)  (Steynberg  & Dry  2004).  As  under  these  oxidising
conditions, wüstite (ferrous oxide) will readily oxidise to magnetite, and hematite (ferric oxide) will
freely lose oxygen also forming magnetite (Steynberg & Dry 2004). If the molten iron oxide was to
be exposed to a reducing atmosphere, wüstite will be formed. Under strongly reducing conditions,
fully  molten  wüstite  can  form at  temperatures  greater  than  ~1400˚C (Steynberg  & Dry 2004).
Therefore, in air, at temperatures greater than 1475˚C, an iron-oxide equilibrium will form that is
dominated  by  liquid  magnetite,  it  cannot  oxidise  further  due  to  thermally  induced  hematite
decomposition,  and  any  wüstite  that  forms  will  be  rapidly  oxidised  (Schwertmann  2008).  At
temperatures of less than 1475˚C the equilibrium position will move towards hematite formation,
and if the atmosphere is made more reducing and the temperature is maintained above 575˚C the
equilibrium  position  will  move  fully  towards  wüstite  formation  (Schwertmann  2008).  If  the
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temperatures fall below ~1500˚C for oxidising conditions and ~1400˚C for reducing conditions, the
oxide mixture will begin to solidify and any further reaction will only take place in the solid state.
These solid state reactions will continue as long as the temperature is maintained above 660˚C, with
the equilibrium favouring hematite formation under oxidising conditions, and both magnetite and
wüstite under reducing conditions (Schwertmann 2008).
4.3 Iron Oxide-hydroxides
Iron (III)  oxide-hydroxide (FeO(OH)) exists  as  four  crystalline polymorphs,  two of  which  (the
alpha and gamma phase) are common (Phillips 2012). It can also form hydrated oxide-hydroxides
with  varying  quantities  of  structural  water,  these  are  collectively  termed  limonite  and  can  be
represented by the formula FeO(OH)·nH2O. Both bog ores and laterite are composed primarily of
limonite.  Due  to  the  nature  of  both  bog  ores  and  laterites,  these  deposits  often  contain  large
quantities of silica.
(i) α-FeO(OH) Goethite
(ii) β-FeO(OH) Akageneite
(iii) γ-FeO(OH) Lepidocrocite
(iv) δ-FeO(OH) Feroxyhyte
A hydrated mineral form of iron (III) oxide, known as ferrihydrite is also common. Ferrihydrite has
a nominal chemical formula FeO(OH)·0.5H2O or 5Fe2O3·9H2O, however, as the water content is
variable it is impossible to determine the absolute formula, as such it is typically represented as
Fe1.55O1.66(OH)1.34 (Schwertmann  &  Murad  1983).  Ferrihydrite  precipitates  from  solution  in
numerous aquatic and soil environments, it is metastable and is a precursor to both hematite and
goethite. This material exhibits a fine grained, defective nanocrystalline microstructure with a high
degree of disorder. Due to this defective nanocrystalline microstructure, ferrihydrite has a very high
porosity and a large surface area to volume ratio, making it an excellent adsorbent and allowing it to
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collect  many  inorganic  and  organic  species  from  solution.  Use  as  an  ore  for  iron  smelting
ferrihydrite will often contain numerous trace elements that have been sequestered during formation
and deposition.
4.4 Iron Production Process
The process of iron production begins with the location of a economically and compositionally
suitable ore source. Some of the earliest sources of iron ore were in the form of bog ores, which are
deposits formed by the precipitation of soluble iron compounds through a process of chemical or
biochemical oxidation. Bog ores are so named, as these types of deposit form in the presence of iron
bearing ground waters, such as those found in a bog or swamp environments. Other ore sources
occur  as  localised  geological  deposits  or  ore  bodies, that  are  often  located  beneath the Earth's
surface, which must be extracted by mining. Ore sources can be considered either rich or poor
depending on their overall iron content, they will also display varying levels of associated mineral
impurities, rich ores with low levels of impurities will be the easiest to smelt and will produce better
metal with less waste material being generated. Once a suitable source of ore has been located and
exploited, the collected raw ore is then processed in a number of distinct steps. Typically these
distinct steps can be divided into four processes, these are: beneficiation, roasting, smelting, and
smithing. Smelting and smithing processes are conducted in a bloom furnace and smithing hearth
respectively, and as such these aspects will be considered. These four processes of iron production
will be examined in more detail below.
4.4.1 Beneficiation
The first  of these steps is that of initial  mineral processing and concentration,  which is  termed
beneficiation.  The  majority  of  iron  ores  will  need  to  go  through  this  process,  however,  some
especially rich iron ores, those which exhibit more than 60% mass fraction of elemental iron which
is equivalent to 85.79% iron (III) oxide, often do not require any sort of beneficiation (Subba Rao
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2011).
In this step the raw, as collected, ore is graded according to appearance and is then coarsely sorted
to remove the largest pieces of undesired non-ore or poor-ore materials,  which are collectively
termed gangue. The appearance of the raw ore is one of the most important aspects for affectively
selecting high iron content, rich-ores, with darker ores generally containing larger proportions of
iron. The sorted ore would then be crushed or ground into smaller fragments to increase surface area
to volume ratio, and any further gangue material revealed by this process would also be removed
either by hand or using techniques such as washing or gravity-separation.
4.4.2 Roasting
The beneficiated ore fragments would then be subjected to the first thermal treatment, this step is
termed ore roasting. Some texts use the term calcination, but this is not entirely correct terminology
and  may  cause  some  confusion,  as  the  term  calcination  can  mean  either  heating  to  high
temperatures in the presence of air or oxygen, or more commonly, heating to high temperatures in
the absence of air or oxygen.
Roasting is a process of open oxidation and dehydration that results in both thermal decomposition
and phase transitions within the ore, these alterations are driven by heat and the presence of oxygen.
This roasting process involves placing the beneficiated ore in an open fire or fire pit, where the high
temperatures  and strongly  oxidising  conditions  cause  the  dehydration  and elimination  water  of
crystallisation, oxidation of impurities, and decomposition of carbonate and sulphide minerals. For
this process to be completed successfully the ore must remain in the roasting fire for several hours
at temperatures of 400˚C to 550˚C (Buchwald 2005). As the roasting reactions proceed, the usually
dark brown or yellow coloured ores slowly begin to to change to red indicating complete oxidation
(Thiele 2010). Conditions within the fire pit can, on occasion, become sufficiently reducing so as to
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form very small amounts of metallic iron which can be observed with the naked eye, this is more
often the case for richer and higher quality ores.
Dehydration of the iron oxide-hydroxide ore goethite;
2FeO(OH)(s) → Fe2O3(s) + H2O(g)
Decomposition and oxidation of the carbonate ore siderite;
4FeCO3(s) + O2(g) → 2Fe2O3(s) + 4CO2(g)
Decomposition and oxidation of the iron sulphide pyrite;
4FeS2(s) + 11O2(g) → 2Fe2O3(s) + 8SO2(g)
Oxidation of magnetite to hematite;
4Fe3O4(s) + O2(g) → 6Fe2O3(s)
All of these roasting processes generate a mixture of two crystal phases of iron (III) oxide; hematite
and  maghemite.  If  the  roasting  fire  generates  temperatures  of  greater  than  425˚C and  is  fully
oxidising, the resulting iron oxide will be predominantly the alpha phase – hematite (Churchman
1999).
During this process no real slag is formed and the bi-products are primarily oxide gasses and fuel
ash,  this  result  in  very  little  characteristic  evidence  for  this  practice  being  retained  in  the
archaeological record, however, roasting beds have been identified on numerous iron production
sites, sometimes complete with ash, fuel fragments and unreacted ore. The roasting process would
typically use wood as its fuel source, the use of charcoal would be unnecessary and wasteful, as
wood is capable of providing sufficient temperatures and no carbon monoxide is required or desired
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for this step. In terms of redox chemistry the roasting process is primarily an oxidising one. Under
some conditions fuel ash slag may be generated by this process.
The roasting procedure was generally conducted in close proximity to the bloomery furnace so that
the freshly roasted ore could quickly and easily be transferred to the furnace once the roasting fire
had burned down. Roasted ore may have been transferred directly to the furnace whilst still hot
from the roasting process to improve efficiency. The roasting process will result in a mixture of
oxidised iron ore, charcoal, and some wood ash, all of which could be transferred directly into the
furnace (Thiele 2010).
This  roasting  process  not  only  forms  'clean  oxides',  it  also  causes  dehydration  of  the  ore  and
increases the porosity and internal surface area to volume ratio, this effectively increases the gas
permeability of the ore and exposes more reaction surfaces. An additional effect of this treatment is
the increased friability of the ore fragments, which makes further maceration significantly easier.
The larger or harder roasted ore fragments could then be crushed to smaller pellets or powder, and
once again any gangue minerals revealed during crushing would be removed. This beneficiated and
roasted ore is  then ready to be transferred to the bloomery furnace as the primary metal oxide
charge, to be reduced to metallic iron.
4.4.3 Bloomery Furnace
The bloomery furnace at its most basic is a container and reaction vessel for both the fuel and metal
oxide charge, which is used in the production of metallic iron from iron ore. It provides insulation to
the fire within, retaining heat and allowing significantly higher temperatures to be achieved when
compared to those achieved in an open fire or shallow pit furnace. The bloomery furnace more
importantly  precludes  atmospheric  oxygen  from reaching  the  fuel  and  ore  in  an  uncontrolled
manner,  thereby  allowing  the  regulation  of  the  internal  redox  conditions.  This  controlled
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environment also reduces fuel consumption, increasing efficiency and economy.
Bloomery furnaces were typically formed from a sunken pit with a stone and/or clay superstructure,
the base of the pit  was often lined with clay.  Bloomery furnace designs can vary significantly,
however, they are generally divided into two morphological types; the bowl furnace, which exhibits
a minimal superstructure and has a width greater than the height; and the  shaft furnace which is
characterised  by having a  hight  greater  than  the  width  (Dungworth  2012).  Very  few bloomery
furnaces survive intact in the archaeological record, and it is often only the furnace bottom that is
preserved. As such it can be difficult or impossible to determine if a furnace bottom was associated
with a bowl or a shaft type furnace. It is also possible that furnace variants with no substructure
were used, these furnaces are completely superterranean, which means they will leave very little, or
no significant evidence in the archaeological record.
Fig.37. Idealised cross-sections of a simple stone-lined pit or bowl furnace (left), as well as a simple
superterranean shaft furnace (right). Both furnaces are blown from the left. (After Buchwald 2005).
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Fig.38. Idealised cross-sections of both a bowl furnace (left) and shaft furnace (right). The diagram
shows the clay dome or  shaft  superstructures,  along with the clay lined furnace bottoms.  Both
furnaces are blown from the left. (After Dungworth 2012)
One common feature of all bloomery type furnaces is an opening or series of openings near to the
base of the furnace through which a controlled flow of air is allowed to enter, this opening is known
as the  blowhole, tuyère opening, or less commonly just the  tuyère (Tylecote 1980). The pipe or
nozzle that feeds air through this opening is more generally termed the tuyère. Air could enter the
furnace through the tuyère via natural draft, that is, the furnace was positioned to take advantage of
the prevailing wind, or the air could be forced in to the furnace using bellows. In smelting furnaces
the reducing atmosphere is the most important aspect for a successful smelt, rather than maximum
temperatures (McDonnell 1986). The temperatures within the furnace only have to be sufficiently
high to allow for a low viscosity free flowing slag to form and separate from the bloom. This means
that  forced  air  is  not  necessarily  required  for  bloomery  furnaces,  and  a  natural  draft  can  be
exploited.
Another aspect of the bloomery furnace which can be applied to their classification is that of waste
material separation and removal. As a metallic bloom forms within the furnace, the gangue minerals
from the ore begin to form a liquid slag, which separates from the bloom and flows to the base of
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the furnace under the influence of gravity, this type of slag is known as smelting slag or production
slag. The liquid slag then coalesces and accumulates in the bottom of the furnace where it is either
released or extracted through an opening, or is allowed to settle in a chamber in the furnace bottom.
If the slag is released from the furnace it is said to be a tapping furnace, if the slag is left to settle in
the furnace bottom it is said to be a  non-tapping furnace  (Dungworth 2012).  These two different
methods of dealing with the slag waste will result in two distinct morphological types of solidified
slag. Tapping furnaces produce characteristic tap slags, these display flow structures and resemble
lava,  whilst  non-tapping  furnaces  produce  furnace  bottom  slags which  are  often  planoconvex,
forming in the shape of the furnace bottom. Both of these slag types can experience intimate contact
between  the  ash,  fuel,  and  furnace  lining  during  their  formation  and  movement,  and  this  can
dissolve and incorporate additional elements and inclusions into the slags from these sources.
The bloomery process was started by preheating the furnace from within using a fire, with either
dry wood or charcoal being used as the fuel. Once the furnace was sufficiently hot it was filled from
the top with a mixture of crushed charcoal fuel and crushed roasted ore, this mixture was known as
the furnace charge. The ratio of the charge mixture was generally one part fuel to one part ore by
mass (Buchwald 2005). Once fully charged the furnace was left to react the mixture, or in some
cases it could be periodically topped up with additional charge. 
The limiting factor in the amount of charge reacted by the furnace was often determined by the
quantity of slag produced by the process. When the slag accumulating in the bottom of the furnace
reaches the level of the tuyère opening, either the process had to be stopped or the slag had to be
tapped off. If the slag was tapped, then the process could be continued for an extended period,
simply by adding more charge to the furnace and tapping the slag as required. If the slag could not
be tapped and blocks the tuyère opening, no more oxygen can be blown in to the furnace and a gas
equilibrium will form. This gas equilibrium will prevent any further heat production and reduction
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reactions from occurring in the furnace, and the smelting process stops. The smelting process would
normally take between five and seven hours to complete (Thiele 2010). 
When the smelting process was complete, the charge inside the furnace would have burned down,
resulting in the formation of a bloom, which consists of a consolidated mass of porous iron known
as sponge iron, and a quantity of slag, which would have mostly separated from the bloom. At this
point the bloom was ready to be removed from the furnace. The raw bloom was generally removed
from the furnace whilst still red-hot, and it was worked immediately. To reheat such a large piece of
sponge iron would require a lot of additional fuel and it is unlikely that a metalsmith would waste
the heat that was already present. 
When the bloom was removed from the furnace, any bloom slag adhering to its surface would be
removed with  a  wooden  mallet,  then  the  bloom would  be  hot-worked to  expel  any remaining
smelting slag from within its structure and to close and weld any pores in the metal, this process is
termed  primary  smithing  (McDonnell  1986,  Blakelock  et  al 2009,  Thiele  2010).  This  would
consolidate the sponge iron bloom into a monolithic iron billet and the high temperature oxidising
conditions would decarburise the iron, reducing the amount of dissolved carbon present making it
softer,  easier  to  work,  and  less  prone  to  cracking.  During  this  primary  smithing  process,  the
metalsmith would be able to judge the quality of the iron and determine its workability.
The bloom would rapidly cool once it was removed from the furnace and would require regular
reheating to keep the metal soft enough to work and to melt slag inclusion aiding in their expulsion.
As such the bloom would have been maintained at yellow-heat during the primary smithing process,
at around 1100˚C, probably using the remains of the smelting furnace itself to re-heat the bloom
(McDonnell 1986, Buchwald 2005). Some larger scale production sites may have used a dedicated
hearth for this bloom consolidation and slag expulsion process, known as a cleaning or purification
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hearth (Buchwald 2005). This process of bloom preparation and consolidation can produce two
types of slag; bloom slag and purification slag.
Bloom slag is generally low in wüstite, and high in fayalite and glasses of near fayalitic and/or
anorthite composition. As bloom slag forms within the furnace during the smelting process it can be
considered as a component of the smelting slag. Purification slag is made up of a consolidated
mixture of residual and newly oxidised iron from the bloom's surface; flux, usually of silica or
calcium oxide/silicate to prevent excessive oxidation and loss of the newly formed metallic iron;
and remnants of bloom slag and smelting slag,  dislodged and extruded from the bloom during
consolidation. Purification slag is considered to be primary smithing slag.
Iron ores are considered to be self fluxing, but in situations where the ore used was particularly high
in gangue minerals or low in silica, additional smelting fluxes may have been added to the initial
furnace charge to aid in the successful slagging of these additional undesirable minerals. Smelting
fluxes could take the form of silica, calcium carbonates, or calcium silicates. Silicate fluxes would
be used to form a more acidic slag, removing basic gangue minerals, whilst calcium fluxes would
be used to  form a more  basic  slag  removing acidic  gangue minerals.  The addition  of  calcium
minerals may have also been used to reduced the loss of iron to fayalite, forming calcium silicates
rather than iron silicate.
4.4.4 Smithing Hearth
The smithing hearth, sometimes called a forge, is a controlled high temperature fire used to rapidly
heat metallic iron for hot working, as cold working of iron results in embrittlement and cracking of
the workpiece. Their use is primarily for the manufacture, alteration and repair of iron objects. The
smithing  hearth  can  be  a  very  simple  structure,  as  it  does  not  typically  require  the  insulating
properties or stringent atmospheric control that is characteristic of a bloomery furnace. One of the
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requirements of a smithing hearth is that it will allow as much oxygen to get to the charcoal as
possible, which in turn will generate the high temperatures necessary to rapidly heat metallic iron to
a malleable and workable state. The temperature of the smithing hearth is controlled primarily by
input air flow, with more air flow into the hearth resulting in more available oxygen to react with
the carbon in the charcoal, generating more heat (McDonnell 1986). 
The high temperature requirements of a smithing hearth mean that it will always require forced air
from bellows to operate, and this increased flow of air will result in oxidising conditions prevailing
(McDonnell 1986). Within the smithing hearth, the conditions at the surface of the charcoal fuel and
the  immediate  area  surrounding the  tuyère  are  extremely  hot  and extremely  oxidising  (CSIRA
1955). In regions of the hearth further from the tuyère, but still within the influence of the high
temperature zone, more reducing conditions will form (McDonnell 1986). In some cases strongly
reducing  atmospheric  conditions  can  be  deliberately  created  within  a  localised  region  of  the
smithing  hearth  by  heaping  charcoal  above  the  hot  combustion  zone,  generating  significantly
greater quantities of hot carbon monoxide in this region (Young 2012).  Deep charcoal pit hearths
were often employed where forge welding activities were extensively practised, generating both
high temperatures and strongly reducing conditions (Buchwald 2005).
The creation of a strongly reducing region within the smithing hearth is often desirable, to prevent
excessive oxidation and decarburisation of  the metallic  workpiece at  high temperatures,  and to
promote  the  formation  of  wüstite on  the  surface  of  the  workpiece  (Young  2012).  In  the  high
temperature and strongly reducing region of the smithing hearth wüstite is relatively stable, and will
rapidly become the prevalent form of iron oxide. Furthermore the newly formed wüstite will aid in
the decarburisation of the underlying metallic iron (Young 2012). Wüstite also exhibits the lowest
melting point of all of the iron oxides, 1377˚C, and at temperatures of greater than 1100˚C it will
begin to react with any silica fluxes to form fayalite. This fayalite will create a barrier that protects
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the  metal’s  surface  from further  oxidation,  whilst  at  the  same time cleaning and purifying  the
metal's surface by dissolving any metal oxide contaminants, thereby making the treated surfaces
amenable to welding (Young 2012). Additionally fayalite begins to melt at 1180˚C and is fully fluid
at 1205˚C, this makes its expulsion from between contacting weld surfaces much easier.  During
well controlled smithing operations the majority of iron heating is conducted within these reduction
zones, to minimise excessive metal loss due to oxidation.
Not all smithing hearths would be used for forge welding, with the majority of tasks conducted in
smaller hearths often being limited to shaping by hammer. Bloom iron becomes soft at red heat and
as such can be forged at temperatures of between 525˚C to 1000˚C, with 800˚C to 900˚C being an
often ideal temperature range, over which the iron is sufficiently plastic and malleable to allow
relatively easy shaping by hammering, whilst minimising loss of metal through oxidation due to
excessively high temperatures. At these lower temperatures surface oxidation may still  result  in
significant metal loss and surface erosion to the workpiece, and an oxygen barrier flux may be
employed to reduce this loss, particularly when finishing an object. 
Smithing hearths often have very little substructure or superstructure, and generally appear as a
shallow pit, typically with a separating wall with a hole for the tuyère, onto which the charcoal fuel
is heaped (Serneels & Perret 2003). The thermal scar left on the ground by a smithing hearth could
be confused with the remains of a furnace base, particularly with superterranean furnaces.
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Fig.39. An idealised cross-section of a simple smithing hearth. 1. shallow pit filled with charcoal. 2.
smithing slag cake, forming in the bottom of the hearth close to the tuyère opening 3. metallic iron
workpiece. 4. separating wall with refractory lining. 5. tuyère. (After Serneels & Perret 2003).
The smithing hearth is dedicated to the working of purified metals, and it is generally used for
forming, shaping and welding iron. It can also be used to thermally alter the physical properties of
metallic  iron  through  annealing,  tempering  and  hardening.  This  type  of  smithing  is  termed
secondary smithing  (McDonnell 1991). The metal-working processes of secondary smithing will
generate two types of slag, these are hammerscale and secondary smithing slags. Thermal treatment
of metals will not produce any characteristic waste products, and evidence for this type of activity
only comes from the metallic artefacts themselves (McDonnell 1986). The smithing hearth could
also be used to remove excess carbon from the metal through oxidation, and to introduce additional
carbon by high temperature working under reduction in excess carbon, to produce softer or harder
iron and steel respectively.
Hammerscale is a particular form of mechanically dislodged  surface scale, it  is formed through
both  oxidation  and  flux  interactions  on  the  surface  of  metallic  iron,  and  it  typically  displays
characteristic  morphological  features.  Hammerscale  is  one  of  the  most  characteristic  and
identifiable products of the smithing process (McDonnell 1986). Surface scales will begin to form
on unprotected metallic iron, in air, at temperatures of greater than 760˚C, and will typically display
a strong mechanical adherence to the metal's surface, only becoming dislodged by physical shock
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(Andrews 1994). At temperatures of greater than 950˚C this scale will fall freely from the metal's
surface due to the effect of differential thermal expansion, leaving the metal exposed and prone to
further oxidation (Andrews 1994, McDonnell 1986). Secondary smithing slags are thought to form
primarily via the accumulation and fusion of dislodged oxide scale, hammerscale and fluxes in the
bottom of the smithing hearth; with a smaller contribution from the hearth lining, fuel ash, and to a
lesser extent extruded smelting slag inclusions (McDonnell 1989). Secondary smithing slags may
also contain exogenous materials, metallic iron, and uncombined flux (McDonnell 1989).
The smithing hearth is operated by placing the metallic iron workpiece into the hot charcoal above
the combustion zone where it is rapidly heated to high temperatures, making it suitably malleable
for shaping or plastic for diffusion welding. The incandescent colour of the hot metal is used by the
blacksmith to assess the temperature and workability of the workpiece (Buchwald 2005). Once the
desired temperature is  achieved,  the workpiece is  removed from the hearth and hot worked by
shaping, cutting or welding with hand tools, in a process termed forging. General forging operations
are conducted at  a minimum temperature of ~700˚C, and  within the maximum temperatures of
1260˚C to 1371˚C for mild steel and wrought iron respectively, whilst forge welding temperatures
are typically 900˚C to 1100˚C for steels, and 1400˚C to 1500˚C for pure iron (Andrews 1994, Ares
2008). 
During the forging process, the workpiece will need to be periodically reheated in the hearth to
ensure  a  workable  temperature  is  maintained.  As  the  metallic  iron  workpiece  is  continually
introduced  and  removed  from  the  smithing  hearth,  it  is  repeatedly  exposed  to  reducing  and
oxidising  environments.  When  the  incandescently  hot  workpiece  is  removed  from the  hearth's
reducing environment into oxidising surroundings, it will immediately begin to oxidise and will
often initially spark and subsequently form a thick surface scale composed of mixed iron oxides,
this will result in the undesirable loss of large amounts of metal and will also create a surface that is
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unsuitable for welding or finishing.
To  prevent  this  high  temperature  oxidation  from occurring,  a  smithing  flux  can  be  employed.
Smithing fluxes perform a slightly different role than that of smelting fluxes; whilst smelting fluxes
are used to form a highly mobile free-flowing liquid slag that is capable of dissolving and thereby
removing gangue minerals from a nascent iron bloom, smithing fluxes are primarily employed as an
oxygen barrier during hot working, thereby preventing new surface oxides from forming (Sallows
1907).  Smithing  fluxes  may  additionally  function  as  a  surface  cleaning  agent,  dissolving  and
liquefying iron oxides and other surface contaminants to prepare the surface for forge welding. As
such smithing fluxes need to exhibit suitable physical and chemical properties; when acting as a
simple barrier, the fluxing compound needs to posses a relatively low melting point or fusion point,
which  allows  it  to  melt  or  fuse  forming a  continuous  surface  layer  or  crust  which  affectively
prevents oxygen reaching the underlying metal; when acting as a surface cleaning agent, the fluxing
compound has to be more chemically active, reacting with and dissolving iron oxides to form a
fully liquid slag at normal hearth temperatures, in addition to being an affective oxygen barrier.
Furthermore smithing fluxes can provide a thermally insulating layer, retaining more heat in the
workpiece whilst out of the hearth.
There are numerous compounds which posses suitable attributes to be utilised as a smithing flux in
iron  working  (McGrew 2012),  in  fact  any  sufficiently  refractory  compound  that  is  capable  of
excluding air can be used (Sallows 1907). The most common smithing flux is generally encountered
in the form of silica, often appearing as siliceous sand, fine quartz sand, or crushed silica minerals
(Buchwald  2005).  This  silica  will  react  with  wüstite  under  reducing  conditions  to  form liquid
fayalite at temperatures above 1180˚C. Calcium-rich fluxes may also have been employed in iron
smithing operations  (Sallows 1907, Bachmann 1970, Lēv 1997, Kaufman 2014),  with  common
calcium-rich fluxes being composed primarily of carbonates, which include crushed limestone or
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marble, siliceous limestone, calcareous sands, crushed marine shells, crushed bird shells, and plant
ashes. Calcium-rich fluxes are typically applied as a fine powder, as in this form they will tend to
stick to the hot metal's surface and will not fall off (Sallows 1907), and they can be employed as
100% CaCO3 for iron, or as 70% SiO2 and 30% CaCO3 for steels (McGrew 2012).
Calcium carbonate decomposes when heated to temperatures greater than 825˚C, releasing carbon
dioxide gas and leaving behind the highly refractory calcium oxide. This remaining calcium oxide
can  partially  dissolve  in  the  iron  oxides  that  form  on  the  metal's  surface  through  solid  state
diffusion,  effectively  reducing their  melting  point.  In  mixed FeO/Fe2O3 equilibrium systems,  a
eutectic composition of ~7 wt% CaO in mixed iron oxides will result in a melting point of 1205˚C
(Shapiro & Brannock 1962, D15). Additionally calcium oxide can act as a corrosion inhibitor to
iron and steels, reacting with the metal surface and encouraging the formation of a passivating layer.
Smithing  fluxes  are  employed  more  often  in  welding  than  in  shaping  and  general  forging
operations, and silica fluxes are more suitable than calcareous fluxes for welding. The use of silica
fluxes in welding generates fayalite, and liquid fayalite has the ability to 'wet' the surface of the
workpiece and in doing so it both precludes contact with air, and attacks and dissolves any surface
impurities  it  encounters,  providing a  clean surface,  free from contaminants  that  may otherwise
affect the quality of a weld. Fayalite also aids in the diffusion welding process and can easily be
expelled from weld surface.
The use of smithing fluxes may be unnecessary in many circumstances,  when forging at  lower
temperatures a flux may be wholly unnecessary or may only be required when finishing an object.
At higher temperatures the oxide scale formed on the workpiece surface can melt and can actually
serve as a flux under the right conditions (McGrew 2012, Bayley et al 2001). However the melting
points of metallic iron and steels are often below or very close to the melting point of the scale,
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making welding operations conducted in this manner precarious (McGrew 2012).
4.5 Fuel
The introduction of smelting and smithing processes brought with them new and more specific
requirements for fuel. The suitability of a fuel depended on a number of factors which included high
energy  density,  high  carbon  monoxide  formation,  low  trace  elements,  low  sulphur,  and  high
availability. Wood was insufficient in terms of energy density and carbon monoxide production, and
other solid fuels such as coal were less available and contain significantly more trace elements often
including sulphur.
The fuel used in the smelting and smithing of iron was that of charcoal. This fuel possesses a very
high energy content when compared to that of wood or peat, and as a result of this charcoal fires
could produce significantly higher temperatures than those of wood or peat fires. This fuel could
provide both the necessary heat for both smelting and smithing, and when combusted in a hot or
rarefied  oxygen  atmosphere,  it  readily  provides  the  carbon  monoxide  necessary  to  drive  the
reduction process during smelting. Charcoal has a number of additional advantages over wood, in
that it produces very little smoke, it is significantly less dense, and it does not generate creosote.
Charcoal is produced by the slow pyrolysis of wood in the absence of oxygen, in a process termed
charring or carbonising. The carbonising process is typically conducted at temperatures of between
350˚C and 450˚C, and at these temperatures moisture and volatile organic compounds are driven
from the wood, and the cellulose and lignin structure of the wood is reduced, eliminating hydrogen
and oxygen, leaving behind an almost pure form of carbon (Birkinbine 1879). Charcoal will have a
carbon content of >95% mass fraction on average.
Charcoal contains very few impurities, but the most commonly observed impurity is calcium. A
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range of other minor and trace elements will be present but their concentration can depend on what
species of tree the wood was collected from, and the temperature of the fire in which they were
burned. It  may also depend to some extent on the local environment  and geology,  surrounding
where the tree grew, as the tree can absorb mobile elements from its immediate surroundings. When
the charcoal is burned these impurities are left behind as a powder composed mostly of simple
oxides,  this  residue  is  known  as  ash.  Approximately  5%  by  mass  of  charcoal  will  form  ash
(McDonnell 1991).
Table.25. Comparison of elements in ash from various component parts of hard and soft woods
(Hakkila 1989).
Traditionally charcoal is produced by building a wood pile and covering it completely with soil,
clay or turf so that no air can enter the pile. A small flue is opened in the top of the pile and then the
pile is lit, once the fire is sufficiently strong the flue is closed. Complete pyrolysis could take days,
depending on the size of the pile and the type of wood being carbonised. 
An alternative method of charcoal production is through the use of a special kind of furnace called a
retort furnace. A retort is a closed furnace in which the subject material is isolated from both the
fuel and combustion products of the heat source. This method is carried out by filling an airtight
container with wood, this chamber is then heated and the gasses produced are allowed to escape
through a small aperture. Some retort furnaces use the wood gas that is evolved by the pyrolysis
process as the fuel for the heat source.
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Element wt.% P K Ca Mg Mn Fe Zn S B Cu
Softwood stem 2.4 12.4 22.4 4.3 2.9 0.8 0.32 2.3 0.05 0.04
Hardwood stem 4.2 20.4 19.0 3.6 0.8 0.5 0.4 2.1 0.05 0.04
Softwood bark 2.8 9.8 28.5 2.8 1.7 0.2 0.3 1.2 0.04 0.02
Hardwood bark 3.4 12.2 27.1 2.2 0.6 0.6 0.4 1.1 0.06 0.04
Softwood whole 2.7 12.0 22.8 3.8 2.5 0.7 0.3 2.0 0.05 0.04
Hardwood whole 3.9 18.0 21.4 3.3 0.7 0.5 0.3 1.8 0.05 0.04
Coal was an additional high energy density fuel known to man in prehistory, however, coal was not
as  accessible  as  charcoal,  and coal  was  generally  avoided  for  use  in  iron  smelting  as  it  often
contains sulphur, which is very soluble in iron at normal smelting and smithing temperatures. High
sulphur levels in iron will result in the formation of a red-short or hot-short bloom. This is known
as  sulphur  embrittlement,  which  causes  embrittlement  and  friability  of  the  bloom  rather  than
malleability at high temperatures, it also has a significant effect on hardness and durability when
cold.
High quality,  low sulphur coals,  such as anthracites, were accessible in some regions and were
exploited as a fuel source since at least the Bronze Age, however this was not a common practice.
Coal can be stripped of its organic components and sulphur through the process of calcination,
which is a very similar process to that of wood carbonising. The calcination method requires that
bituminous and sub-bituminous coals are heated in the absence of air and oxygen, thereby causing
their destructive distillation. This results in the coal evolving a range of gasses collectively termed
coal gas, and the formation of coke. Coke would become a very important fuel source in both blast
furnaces and smithing hearths, with use in the latter being termed smithy breeze.
Fuel Energy Content (MJkg-1)
Wood - Green 10.9
Wood - Dry 15.5
Charcoal 29
Coal - Anthracite 31.4
Coal - Bituminous >23.9
Coal – Sub Bituminous 17.4–23.8
Coal - Lignite <17.4
Peat 14.6
Coke 29.6
Table.26. Solid fuels and their energy content.
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Chapter 5
5.0 Reduction of Oxides to Metallic Iron – The Smelting Process
As noted previously iron ore is a mixture of iron oxides and undesirable minerals, and the overall
goal of the smelting process is to reduce iron oxides to iron metal and to remove the undesirable,
irreducible minerals from the developing metallic iron.
Within the bloomery furnace, reduction of iron oxides take place via a number of complex gas-solid
interactions at high temperatures which results in the formation of a solid metallic iron product
called a bloom, this process is termed direct reduction. The removal of undesirable gangue minerals
is achieved by the formation of a liquid slag that is sufficiently fluid to separate from the bloom,
acting as a sink for these minerals.
The temperatures generated within the bloomery furnace were generally higher than the temperature
required to reduce hematite to metallic iron (~700˚C), but less than the temperature at which pure
iron  will  melt  (1538˚C)  (Thiele  2010).  Typical  temperatures  achieved within  a  well  controlled
bloomery furnace ranged from 1340˚C to 1420˚C in the tuyère zone, where the sponge iron bloom
forms;  to  ~1200˚C in  the  iron  particle  accretion  zone directly  above the bloom (Thiele  2010).
Temperatures  then  fall  to  800˚C,  then  500˚C further  up  the  charge  column within  the  furnace
(Thiele 2010).
Even though the melting point of iron could be achieved in a bloomery furnace, the formation of
liquid iron was avoided, as it can absorb significant amounts of excess carbon under these high
temperature and carbon-rich,  highly reducing conditions,  forming the brittle ceramic compound
iron carbide upon solidification, which would be undesirable. Also a liquid iron product would not
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be contained by the furnace design, and it would migrate to the bottom of the furnace along with the
slag, making separation difficult or impossible.
Within the tuyère zone of the smelting furnace conditions can be extremely hot,  this  is  due to
oxygen from the atmosphere reacting with carbon from the charcoal to form carbon monoxide and
carbon dioxide which in turn releases large amounts of heat energy. At these very high temperatures
the thermodynamic conditions in the tuyère zone favours the formation of carbon monoxide, from
the reduction of carbon dioxide by carbon, following the reverse Boudouard reaction. This leads to
the complete conversion of any carbon dioxide present to carbon monoxide within the tuyère zone,
which creates extremely strong reducing conditions in this region of the furnace. 
Within the furnace as a whole, the gas atmosphere is composed primarily of carbon monoxide,
carbon dioxide and nitrogen. The reduction reactions within the furnace are controlled by both the
temperature and the ratio of carbon monoxide to carbon dioxide in the gas mixture. Nitrogen gas
will also be present in this mixture as it a major component of the Earth's atmosphere (~78% N2),
however, this gas does not take part in any of the reactions within the furnace and is therefore
termed a spectator gas. It is assumed that at elevated temperatures all of the oxygen from the air has
reacted with the excess carbon from the charcoal fuel.
At temperatures below ~800˚C reduction via carbon monoxide through the gas-solid interaction
with iron oxide is thermodynamically favourable. Whereas, at higher temperatures the much slower
direct  solid-solid  reduction  via  solid  carbon  is  more  favourable,  this  is  assuming  low  carbon
monoxide availability in the system. However, due to the high temperatures, combined with the
continuous oxygen input into the furnace via the tuyère, and the excess carbon in the fuel; the ratio
of carbon monoxide to carbon dioxide remains high, this ensures that the faster gas-solid interaction
continues to be the most favourable reaction mode.
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For carbothermic reduction to occur, a gas atmosphere with a ratio of carbon monoxide to carbon
dioxide of at least 3:1 is required (Killick & Gordon 1989). As nitrogen is a spectator gas in this
system the total amount of carbon monoxide and carbon dioxide can be represented as 100%, this is
due to the ratios of these gasses remaining constant regardless of the amount of nitrogen in the
system. The actual overall percentage composition of the oxides of carbon present in the system
will decrease by an amount equal to the percentage of nitrogen present (Chatterjee 2010). Therefore
an atmosphere with approximately  75% carbon monoxide is require to reduce iron oxides to iron
metal.
Fig.40.  Equilibrium  gas  composition  as  a  function  of  temperature  for  the  iron-carbon-oxygen
system (Chatterjee 2010).
The actual quantity of carbon required for the reduction of iron is  only a small  fraction of the
amount charged in to the furnace as charcoal. With a typical furnace charge of equal masses of fuel
and ore, only about 10% of the charcoal in the system is involved in the direct reduction of the iron
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ore (Buchwald 2005). The remaining carbon in the system has two functions; firstly a lot more of
the carbon is converted to carbon monoxide than is required for iron reduction, this ensures that a
strongly  reducing  environment  is  maintained  in  the  bloom  formation  zone.  This  prevents  the
thermodynamically favourable oxidation of the newly forming iron metal from occurring, and it
also  prevents  gas  equilibrium  conditions  developing  which  would  inhibit  further  reduction
reactions.  The strongly  reducing atmospheric  conditions  within  the  bloomery furnace  are  more
important  in  iron  formation  mechanisms  than  maximum  temperature,  with  excess  heat
unnecessarily wasting fuel and increasing carbon dissolution into the iron. The excess carbon in the
system  also  provides  the  furnaces  heat  budget  through  combustion,  and  higher  temperatures
increase the rate of reduction reactions, as well as controlling the reduction potential  of carbon
monoxide. Even though reducing conditions are more important than maximum temperature, the
speed at  which  these  reactions  take  place  is  also  a  major  consideration,  and carbon monoxide
becomes more strongly reducing at temperatures of  ≥1200˚C. Ideal bloom smelting temperatures
would be between 1250-1300˚C.
In the iron smelting process the carbothermic reaction uses carbon monoxide to strip oxygen from
iron oxides, leaving behind the unbound metal (Killick & Gordon 1989). This takes place in a
number of distinct thermodynamically controlled steps, which generate a series of reduced oxides
before the formation of free metal. One of the reduced metal oxides formed during these reactions is
ferrous monoxide or wüstite, and this iron oxide is particularly important for two reasons; wüstite
acts as a flux and combines with silica to form fayalite, which is a free-flowing liquid at normal
furnace operating temperatures. Fayalite acts as a sink for undesirable, irreducible compounds in the
ore forming a mobile slag.
Also wüstite is important in the decarburisation of the newly forming bloom iron. As metallic iron
forms in the bloom furnace it can absorb carbon, when large amounts of carbon are absorbed by the
194
iron metal, iron carbide (Fe3C) is generated, which is also known as cementite. Iron carbide is very
hard, to the point that it is brittle, and it will cause the resulting iron bloom to be very hard and
potentially brittle, making it difficult or even impossible to work. Wüstite will react with cementite
to produce metallic iron and oxides of carbon, effectively preventing the uptake of excess carbon
into the bloom;
FeO + Fe3C → 4Fe + CO
2FeO + Fe3C – 5Fe + CO2
As the charge column moves down the furnace towards the hot zone surrounding the  tuyère,  a
number of different reactions take place. In the upper regions of the charge column, temperatures of
≤500˚C are  normal,  and it  is  here  that  hematite  is  converted  to  magnetite  and possibly  small
amounts of metallic  iron (Thiele  2010).  Moving further  down the charge column, temperatures
increase from 500˚C to 800˚C and within this  region any remaining hematite is  converted into
magnetite, metallic iron and small amounts of wüstite (Thiele 2010). The magnetite formed in this
zone or higher up the charge column also gets reduced to metallic iron and small quantities of
wüstite.  Beneath  this  zone  temperatures  increase  from  800˚C  to  1200˚C  and  any  remaining
magnetite  is  reduced  to  iron  metal  (Thiele  2010).  Within  this  zone  of  the  charge  column,
temperatures are hot enough to facilitate the initial formation of fayalite, and the charge column
becomes denser due to the accretion of newly formed iron particles and high viscosity semi-solid
fayalite. This results in a large mass of immobile fayalite and iron particles coalescing in the hottest
part of this zone. Because of the density difference between fayalite (3~4gcm -3) and metallic iron
(7.8gcm-3) in the coalescing proto-bloom, the iron particles will begin to migrate towards the bottom
of the proto-bloom under the influence of gravity. As the temperature in this region of the furnace
increases, the viscosity of the fayalite is reduced, increasing the mobility of the metallic particles,
and this migration rate increases (Rostoker & Bronson 1990).
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Moving in to the tuyère zone, temperatures increase again to between 1200˚C and 1400˚C, and
these high temperatures promote the formation of a low viscosity free-flowing fayalite slag which
begins to separate from the iron particles in the proto-bloom allowing them to consolidate and come
in to intimate contact with each other.  It is at  this point that the iron particles start to undergo
diffusion welding aided by the fayalite, forming a heterogeneous sponge iron accumulation. As the
temperatures in this zone remain high, more of the fayalite leaves the accumulating mass of iron
particles, and more iron particles joint it. The accumulation begins to grow in size and change in
structure and chemistry which results in the formation of a metallic iron bloom.
Killick & Gordon (1989) proposed two different potential mechanisms for this bloom formation and
consolidation process. The first mechanism is the same as the one outlined above, with a strongly
reducing  environment  that  converts  ore  directly  into  metal  and  slag.  The  second  mechanism
involves forming an intermediate slag, in to which all of the ore is dissolved, then the slag itself is
reduced to obtain the metallic iron. I believe this second mechanism will be thermodynamically
unfavourable, as the formation of wüstite from either hematite or magnetite is less likely than the
formation of metallic iron, and the reduction of wüstite from the slag requires more energy than any
of the hematite or magnetite reduction mechanisms.
5.1 Furnace and Hearth Thermodynamics
The source of heat in the smithing hearth or smelting furnace comes primarily from the oxidation of
carbon in the charcoal fuel. As both smelting and smithing systems are driven by high temperature
thermochemical  reactions,  a  general  idea  of  the  different  thermodynamic  processes  has  been
provided  by examining the  enthalpy changes  involved in  the  most  common of  these  chemical
reactions.
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All reduction reaction which use carbon as the reducing agent are called  carbothermic reactions,
and it is these type of chemical reactions that primarily occur in the reducing environment of the
smelting  furnace.  Within  the  smithing  hearth  oxidising  reaction  will  typically  dominate  as  the
process  is  primarily  an  oxidising  one.  The  reactions  will  therefore  be  divided  into  oxidation
reactions and reduction reactions, and the energy changes in each will be examined.
Enthalpy is  a measure of the total  energy of a thermodynamic system. The total  enthalpy of a
system,  symbolised  by  H,  cannot  be  measured  directly.  Therefore  the  change  in  enthalpy,
symbolised as ΔH, is often a more meaningful quantity. The enthalpy change ΔH exhibits positive
values in less favourable endothermic reactions, and negative values in more favourable exothermic
reactions. Enthalpy change per mole unit at standard temperature and pressure is termed standard
enthalpy change, or standard enthalpy of reaction, and is symbolised as ΔH˚. It should be noted that
the values of ΔH˚ presented below are to highlight the thermodynamic processes that occur within
the smelting furnace and smithing hearth. As high temperature is key to the operation of furnaces
and hearths the figures will not be correct as they are only representative of reactions at standard
conditions. All figures have been taken from Daubert  et al 1994 and Wagman et al 1982, or they
have been derived from other published and confirmed values according to Hess's law.
5.2 Oxidation Reactions
Below are the equations for the formation of carbon dioxide via a two step process, including the
formation of the intermediate carbon monoxide, the primary agent of reduction. These reactions
exhibit negative values and are therefore exothermic. 
(i) C(s) + ½O2(g) → CO(g) ΔH˚ = -110.5kJmol-1
(ii) CO(g) + ½O2(g) → CO2(g) ΔH˚ = -283kJmol-1
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The above equations (i) and (ii) can also be represented as a single step reaction, in excess oxygen.
Note that the sum of the energy changes in the above two step reactions are exactly equal to the
energy change in the single step reaction below.
(iii) C(s) + O2(g) → CO2(g) ΔH˚ = -393.5kJmol-1
Within the smelting furnace the reduction of iron oxides is not achieved by carbon directly but by
carbon monoxide. A direct reaction between the two solids, carbon and iron oxides, like the reaction
between any solids, will proceed very slowly, even at elevated temperatures. The primary reducing
agent, carbon monoxide, can form directly from oxygen and excess carbon at high temperatures.
Note that the energy change of this reaction (iv) is exactly twice that of the value of equation (i).
Also note that all of the oxidation of carbon equations (i-iv) have exothermic values, and it is these
carbon-oxygen chemical reactions that are  the primary source thermal  energy in the furnace or
hearth. 
(iv) 2C(s) + O2(g) → 2CO(g) ΔH˚ = -221kJmol-1
If excess carbon is present, which is very often the case in smelting furnaces, carbon dioxide can
also  be  converted  to  carbon  monoxide.  As  this  reaction  has  a  positive  value  the  reaction  is
endothermic and requires the input of heat to proceed, as temperatures in furnaces are high this
reaction  is  likely  to  occur.  This  particular  reaction  is  termed the  Boudouard reaction and  it  is
generally  represented  in  the  reverse  direction  of  the  reaction  depicted  below,  forming  carbon
dioxide and carbon from carbon monoxide. With the reaction direction reversed the  ΔH˚ value is
changed from positive to negative and this reaction is exothermic at all temperatures. However, the
standard enthalpy of the Boudouard reaction becomes less negative as temperatures increase. As a
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result  of  this,  at  temperatures  of  >800˚C,  the  forward  reaction  becomes  endergonic
(nonspontaneous), instead favouring the exergonic reverse reaction toward carbon monoxide, even
though the  forward  reaction  is  still  exothermic.  Therefore  at  temperatures  >800˚C the  reaction
below is more valid.
(v) CO2(g) + C(S) → 2CO(g) ΔH˚ = +175kJmol-1
Equations (vi-viii) represent the oxidation of metallic iron, this may occur to some extent within the
smelting furnace,  particularly near to the tuyère, and will readily occur within smithing hearths
where oxidising conditions are prevalent. It can be seen from the values of ΔH˚ for equations (vi)
and (vii),  a  large  amount  of  heat  is  generated  through the  oxidation  of  iron. This  'burning'  of
metallic iron is a significant source of both heat and iron loss in the smithing hearth. At very high
temperatures it is possible for metallic iron to reduce carbon dioxide to carbon monoxide, forming
wüstite in the process (equation viii). As oxidation reactions generally take place in the presence of
excess oxygen, only diatomic molecular oxygen is represented. 
(vi) 2Fe(S) + O2(g) → 2FeO(s) ΔH˚ = -272kJmol-1
(vii) 4Fe(s) + 3O2(g) → 2Fe2O3(s) ΔH˚ = -1648.4kJmol-1
(viii) Fe(s) + CO2(g) → FeO(s) + CO(g) ΔH˚ = +11.3kJmol-1
There are a number of additional oxidation processes that will occur in a furnace or hearth, all of
which are exothermic and contribute to the furnaces thermal  budget.  Carbon monoxide will  be
oxidised to carbon dioxide in the presence of excess oxygen (equation ix). Reduced iron oxides will
progressively oxidise from wüstite to magnetite and finally to hematite (equations x and xi).
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(ix) 2CO(g) + O2(g) → 2CO2(g) ΔH˚ = -566kJmol-1
(x) 6FeO(s) + O2(g) → 2Fe3O4(s) ΔH˚ = -635kJmol-1
(xi) 4Fe3O4(s) + O2(g) → 6Fe2O3(s) ΔH˚ = -472kJmol-1
Fayalite may also be decomposed at high temperatures and in the presence of excess oxygen, this
oxidative process is termed  oxygenolysis and will result in the formation of  either magnetite and
silica,  or  hematite  and  silica  (equations  xii  and  xiii)  (Mackwell  1992).  These  reactions  are
temperature dependent, with both being equally likely at temperatures of ~900˚C to 1000˚C, when
temperatures  increase to  over  1000˚C the  formation  of  magnetite  (equation  xii)  becomes more
favourable (O’Neill 1987). As a result of this observation, it is very unlikely that fayalite will form
stoichiometrically or be stable in a highly oxidising, high temperature environment such as those
that are found in a smithing hearth. Hauptmann (2007) suggests that the gas atmosphere in a furnace
or hearth can potentially be determined by examining the ratio of magnetite to fayalite in slags.
(xii) 3Fe2SiO4(l) + O2(g) → 2Fe3O4(s) + 3SiO2(s) ΔH˚ = -528.1kJmol-1
(xiii) 2Fe2SiO4(l) + O2(g) → 2Fe2O3(s) + 2SiO2(s) ΔH˚ = -458.6kJmol-1
Fayalite oxidation is a complicated heterogeneous reaction (Zhang 2008). Oxidation will begin to
occur  at  temperatures  of  ~500˚C with the reaction rate  increasing with temperature (Mackwell
1992).  High  temperatures  (>1400˚C)  and  a  highly  oxidising  atmosphere  will  cause  complete
decomposition and oxidation of fayalite, whilst partial oxidation will result in the formation of the
intermediate  product  Fe3(SiO4)2 or  Fe2+Fe3+2(SiO4)2 known  mineralogically  as  laihunite or
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sometimes ferrifayalite (Mackwell 1992, Schaefer 1985). The oxidation of fayalite to laihunite will
readily occur in any non-reducing atmosphere, even in low oxygen potentials, at temperatures of
700˚C  to  1100˚C. The  presence  of  dissolved  Al2O3 effects  the  oxidation  stability  of  fayalite,
preventing complete oxidation to magnetite and silica or hematite and silica, instead the phases
hercynite and laihunite form in conjunction with the fayalite (Onisei et al 2015).
5.3 Reduction Reactions
The overall goal of the smelting process is the reduction of iron oxides by carbon monoxide to form
metallic  iron.  This  can  take  place  via  a  number  of  reaction  routes,  some  of  which  are  more
energetically favourable than others. As the ore roasting process result in the formation primarily of
iron (III) oxide, this is the most probable starting compound, some of the reactions will convert
oxides directly to iron metal, whilst other will form intermediate reduced oxides initially, which will
be subsequently reduced to metallic iron.
The formation of wüstite from the reduction of hematite is slightly favourable (equation xiv), whilst
reduction  of  wüstite  to  metallic  iron  is  slightly  unfavourable  (equation  xv).  Due  to  the  high
temperatures within the furnace, reaction (xv) will proceed regardless, but to a slightly lesser extent
than reaction (xiv), this means that there will always be wüstite present in this system. The presence
of wüstite within the furnace is of particular important as it is this component that is responsible for
self-fluxing nature of iron oxides. The quantity of wüstite in smelting slag can potentially be an
indicator  of  the  efficiency of  the smelting process,  with high levels  of  wüstite  indicating poor
efficiency.  Note that  the  enthalpy change figures  for  these  reduction reactions  are  significantly
smaller than the values exhibited by the majority of oxidation reactions.
(xiv) Fe2O3(s) + CO(g) → 2FeO(s) + CO2(g) ΔH˚ = -2.9kJmol-1
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(xv) FeO(s) + CO(g) → Fe(s) + CO2(g) ΔH˚ = +7.5kJmol-1
(xvi) 3Fe2O3(s) + CO(g) →2Fe3O4(s) + CO2(g) ΔH˚ = -47kJmol-1
(xvii) Fe3O4(s) + CO(g) → 3FeO(s) + CO2(g) ΔH˚ = +19kJmol-1
(xviii) Fe3O4(s) + 4CO(g) → 3Fe(s) + 4CO2(g) ΔH˚ = -14kJmol-1
(xix) Fe2O3(s) + 3CO(g) → 2Fe(s) + 3CO2(g) ΔH˚ = -25.5kJmol-1
From the above equations it  is  possible to  see that  the reduction of hematite to  magnetite  will
dominate (xvi), with the reduction of hematite directly to metallic iron being just over half as likely
(xix). The newly formed magnetite will then follow the more favourable reduction to metallic iron
(xviii), rather than reduction to wüstite (xvii).
The formation of the iron silicate, fayalite, through the reaction of wüstite with silica, is the primary
sink for  silica in  iron ore bloom smelting.  wüstite  acts  as  a  fluxing agent,  which significantly
reduces the temperature required to successfully slag silica. Silica has a melting point of between
1670˚C and 1723˚C depending on its particular crystalline polymorph, whereas fayalite will begin
to form as a viscous liquid at temperatures as low as 1180˚C and will become a low viscosity free
flowing liquid at 1205˚C (Minowa et al 1968). The formation of fayalite is generally delayed by the
presence of other oxides, this is particularly the case when both  magnetite and tridymite (a high
temperature polymorph of SiO2) form alongside fayalite as reaction products (Minowa et al 1968).
(xx) 2FeO(s) + SiO2(s) → Fe2SiO4(l) ΔH˚ = -26.1kJmol-1
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Once fayalite has formed within the furnace it too can be subject to reduction, forming metallic
iron, silica and carbon dioxide (Mackwell 1992). If there is insufficient carbon monoxide present
for complete reduction the intermediate pyroxene ferrosilite (FeSiO3) can form, however, it will not
form as an independent compound but can exist in solution with other iron and calcium olivines.
Ferrosilite has a similar melting point to fayalite and will easily form a free flowing liquid at normal
smelting temperatures, in the presence of fayalite host material.
• Fe2SiO4(l) + 2CO(g) → 2Fe(s) + SiO2(s) + 2CO2(g)
• Fe2SiO4(l) + CO(g) → Fe(s) + FeSiO3(l) + CO2(g)
• FeSiO3(l) + CO(g) → Fe(s) + SiO2(s) + CO2(g)
At temperatures  of   less  than  1100˚C the  reduction  of  fayalite  will  result  in  the  formation  of
amorphous silica containing small quantities of α-quartz and α-crystobalite, whilst at temperatures
greater  than  1100˚C  the  reduction  of  fayalite  will  result  in  the  formation  of  α-crystobalite
exclusively (Minowa et al 1968).
In the absence of a sink for the silica formed through the reduction of fayalite, the silica reaction bi-
product quickly becomes the limiting factor to further fayalite reduction. The reduction of fayalite is
not typically affected by the presence of other oxides (Minowa et al 1968).
The presence  of  lime can  improve fayalite  reduction by acting as  a  sink for  the  excess  silica,
forming  larnite  (Ca2SiO4) with  excess  lime,  and  either  wollastonite  (CaSiO3) or  kirschsteinite
(CaFeSiO4) with less lime or at higher temperatures (Allen & Snow 1959). The melting points of
both  wollastonite  and  kirschsteinite  is  around  1540˚C,  which  is  significantly  higher  than  the
temperatures routinely achieved in a smelting furnace, higher even than the melting point of pure
iron. This typically makes these calcium silicate compounds immobile in the furnace. They can,
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however, dissolve other simple oxides, or be dissolved in other olivines and pyroxenes, which will
effectively reduce their free-flowing temperature.
• Fe2SiO4(l) + 2CaO(s) → 2Fe(s) + Ca2SiO4(s)
• Fe2SiO4(l) + CaO(s) → 2Fe(s) + CaSiO3(s)
• Fe2SiO4(l) + CaO(s) → Fe(s) + CaFeSiO4(s)
For fayalitic slags with ≥70 wt% wüstite and lime-to-silica ratio of 1:1, the reduction of fayalite to
metallic iron and the formation of calcium silicates will take place seven times faster than in iron-
oxide fayalite only slag systems (von Bogdandy & Engell 2013).
The stoichiometry of fayalite has been investigated in a number of studies, through the use of XRD
and thermogravimetric analysis. All of these studies indicate that fayalite is a non-stoichiometric
compound;  Cirilli (1946) predicted a composition of Fe2SiO4 to Fe1.87SiO4; Divanach (1964) and
Ory (1966) predicted Fe1.93SiO4 to Fe1.96SiO4 (as referenced in Gaballah 1978); and Gaballah (1978)
predicted Fe1.98SiO4 with the result variation for iron being 1.98±0.005 over ten tests. These results
could  be  important  when  investigating  the  elemental  composition  of  fayalite  especially  when
examining formation and decomposition mechanisms, and reactant and product quantities.
To aid in the prediction of whether a reduction reaction will occur using the carbothermic reaction
an Ellingham diagram can be used.
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Fig.41. An Ellingham diagram displaying a number of different reactions for the oxides of iron,
silicon and carbon.  Elements such as aluminium, magnesium and calcium appear  much further
down the Ellingham diagram, forming significantly more stable oxides, which will not undergo
reduction by the carbothermic reaction as condensed matter.
The Ellingham diagram is used to indicate the effect of temperature on the stability of compounds,
and these diagrams are useful in predicting the conditions under which an oxide will be reduced to a
metal. The position of each line on the diagram indicates the stability of an oxide as a function of
temperature. Reaction lines near to the top of the diagram indicate the least stable, more easily
reduced, oxides. As reaction lines move down the diagram the elements become more reactive, with
more stable, harder to reduce oxides. An element can reduce the oxides of all other elements with
lines that lie above theirs. The angle of the slope is proportional to the change in entropy, which is
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fairly constant with temperature.  The majority of lines slope upwards as both the reactants and
products are in condensed phases, which react with a gas causing an overall reduction in entropy.
The notable exception is the oxidation of carbon. One mole of oxygen reacting with solid carbon to
produce one mole of carbon dioxide will not alter entropy therefore this reaction is shown as a
horizontal line. One mole of oxygen reacting with solid carbon to produce two moles of carbon
monoxide marks a substantial increase in entropy and this line shows a sharp downward slope. The
usefulness of carbon monoxide as a reducing agent is indicated by its reaction line cutting across
other reaction lines. As soon as the carbon monoxide reaction line goes below another reaction line,
the carbon can reduce that oxide. Note that the x-axis is labelled temperature (units in Kelvin), and
the y-axis is labelled as ∆G˚ (units kJmol-1 of O2). ΔG˚ represents Gibbs free energy change, which
is a measure of the thermodynamic potential of a chemical reaction to do work, and is defined as
'the maximum amount  of non-expansion work that  can be extracted from a thermodynamically
closed system; this maximum can be attained only in a completely reversible process' (Perrot 1998).
There is a relationship between Gibbs free energy change (ΔG˚), enthalpy change (ΔH), entropy
change (ΔS) and absolute temperature (T), which can be represented by the equation;
ΔG˚ =  ΔH – TΔS
5.4 Yield Estimation
Metallic  iron  yields  can  be  calculated  stoichiometrically  according  to  the  number  of  moles  of
reactants involved. The reactions depicted below are for smelting systems with ores composed of
hematite and silica, and carbon monoxide as the reductant. The calculations are completed in a
number of steps;
1. Wüstite produced within the furnace will react with silica until all silica in the system is
depleted; use the total silica to calculate the fayalite component, and subtract the consumed
iron and oxygen from the total accordingly.
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2. All of the carbon monoxide present in the system will  eventually be oxidised to carbon
dioxide;  use  total  carbon  monoxide  to  calculate  carbon  dioxide,  subtract  the  consumed
oxygen from total.
3. Combine any remaining oxygen with iron as wüstite.
4. Any remaining iron, after steps one through three are completed, is fully reduced metal.
The following examples were originally calculated by Buchwald (2005), and have been modified
and corrected for this study. All ore compositions are represented as 'roasted ore' hematite. These
examples  have  been  chosen  to  demonstrate  the  percentage  recovery  of  iron  from various  ore
compositions  ranging  from poor  ore  (i)  to  rich  ore  (v),  with  a  typical  (iii)  and  optimum (iv)
recoveries. In each case note the percentage mass fractions of hematite and silica in the ores.
(i) Ore composition 80% Fe2O3 (56% Fe), 20% SiO2.
3Fe2O3 + 2SiO2 + 3CO →Heat→ 2FeO + 2Fe2SiO4 + 3CO2
Six available iron; none fully reduced – 0% recovery
(ii) Ore composition 81.5% Fe2O3 (57% Fe), 18.5% SiO2.
7Fe2O3 + 4SiO2 + 9CO →Heat→ 2Fe + 4FeO + 4Fe2SiO4 + 9CO2
Fourteen available iron; two fully reduced – 14.3% recovery
(iii) Ore composition 84.2% Fe2O3 (58.9% Fe), 15.8% SiO2.
2Fe2O3 + SiO2 + 3CO →Heat→ Fe + FeO + Fe2SiO4 + 3CO2
Four available iron; one fully reduced – 25% recovery
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(iv) Ore composition 86.2% Fe2O3 (60.3% Fe), 13.8% SiO2.
7Fe2O3 + 3SiO2 + 12CO →Heat→ 5Fe + 3FeO + 3Fe2SiO4 + 12CO2
Fourteen available iron; five fully reduced – 35.7% recovery
(v) Ore composition 91.5% Fe2O3 (64% Fe), 8.5% SiO2.
4Fe2O3 + SiO2 + 9CO →Heat→ 5Fe + FeO + Fe2SiO4 + 9CO2
Eight available iron; five fully reduced – 62.5% recovery
The equations given above are idealised and do not accurately represent the actual reactions of a
holistic smelting process. Even thought these equations are an oversimplification of a more complex
system, they do represent the core reaction dynamic and display the affect of silica and carbon
monoxide on yield. Metallic yields are therefore highly dependent on the quality of the ore and the
formation conditions within the furnace, all of which will in no way be ideal.
These equations should clearly demonstrate that it  will  be impossible to determine the absolute
yield  of  metallic  iron  based  on  the  quantities  of  smelting  slag.  It  will  also  be  impossible  to
determine the ore composition based on the composition of the smelting slag. This does display
how the use of poor quality ores results in a large proportion of metal being lost to the slag, and in
the worst case, the process does not even produce a viable metallic bloom, failing to recover any
metal at all from the system. Also note that in every case the same slag composition is formed with
an FeO:Fe2SiO4 ratio of 1:1.
5.5 Properties of Iron
Iron is a metallic element with the symbol Fe (Latin: ferrum), located in the first transition series of
the period table. It has an atomic number of 26, a standard atomic weight of 55.85 and an electron
configuration at ground state of [Ar] 3d6 4s2. Iron has four stable isotopes (54Fe, 56Fe, 57Fe and 58Fe),
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one very long lived radioisotope (60Fe, t½ = 2.6 x 106 years) which is present in natural iron in trace
quantities, and twenty eight short lived radioisotopes that range in half-lives from 2.737 years (55Fe)
to 430ns (65mFe). It is possible that the isotope 54Fe is actually radioactive with a very long half-life
in the order of 3.1 x 1022 years.
The stable isotope 57Fe is Mössbauer active and can be probed using a 57Co gamma source, 57Fe is
actually the most common stable isotope studied using this technique. Mössbauer spectroscopy can
be used to elucidate the chemical or bonding environments of the target nuclei, and is often applied
to the determination of oxidation states. Iron can exhibit a range of oxidation states from -2 to +6,
with both +2 and +3 being by far the most common.
Isotope Natural Abundance
54Fe 5.845%
56Fe 91.754%
57Fe 2.119%
58Fe 0.282%
Table.27. The natural abundances of stable iron isotopes.
Metallic  iron exhibits  at  least  four  modified crystalline allotropes,  of  which only three exist  at
normal atmospheric pressures. Each allotrope is denoted by a Greek letter; alpha, gamma, and delta,
and each possesses a specific temperature stability range.
Allotrope Stability Range Crystal System
α-Fe (alpha iron) ≤912˚C B.C.C
γ-Fe (gamma iron) 912-1394˚C F.C.C
δ-Fe (delta iron) 1394-1539˚C B.C.C
Table.28. Allotropes of metallic iron.
As pure molten iron is cooled, it will change state at 1539˚C from a liquid to a solid. This solidified
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iron will  be in the  delta phase,  which possesses a body-centred cubic crystal  structure.  Further
cooling to below 1394˚C will result in a phase transition from the delta phase to the gamma phase,
in  this  phase  the  iron  is  called  austenite and  possesses  a  face-centred  cubic  crystal  structure
(Honeycombe 1981).
Whilst in the austenite phase the iron can dissolve a maximum of 2.04% by mass of carbon at
1146˚C. If a large amount of carbon is dissolved in austenite, cooling to below 1146˚C will result in
the diffusion of carbon, and the formation of a mixture of  ferrite (see below) and cementite (iron
carbide, Fe3C) (Honeycombe 1981). Slow cooling will result in the formation of pearlite, a binary
phase lamellar structure of ferrite and cementite. Whilst very rapid cooling results in the formation
of martensite, a highly strained carbon-supersaturated ferrite with a body-centred tetragonal crystal
structure.
Further cooling of the austenite will result in a second phase transition from gamma to alpha phase.
The alpha phase of iron, also known as ferrite, will form below 912˚C. Only a very small amount of
carbon is soluble in ferrite, with a maximum of 0.02% by mass at 723˚C. As ferrite cools from its
phase transition temperature, it eventually reaches its Curie point at 771˚C, this is the temperature at
which iron becomes ferromagnetic. This process is not only true for cooling but for heating as well.
As α-iron is heated it will transition to γ-iron at its phase transition temperature. At temperatures of
between 250˚C and 550˚C a  non-equilibrium phase  known as  bainite can  form,  depending  on
overall  carbon content.  Bainite forms mainly from the cooling of austenite to below its  critical
temperature and consists of fine cementite-ferrite non-lamellar microstructure (Honeycombe 1981,
Durand-Charre 2004).
Metallic iron possesses numerous desirable physical properties; it is malleable and ductile, and it
can  be  heat  treated  and  alloyed  with  other  elements  to  alter  both  its  physical  and  chemical
210
properties, making it stronger, harder, and more corrosion resistant. The bloomery smelting process
cannot produce absolutely pure iron, but rather produces an alloy of iron and carbon. This is due to
carbon being quite soluble in iron at  temperatures of >1100˚C, however,  the amount of carbon
dissolved in bloom iron is typically very low (<0.08 wt%). At these carbon levels the iron is called
low carbon iron or wrought iron. Iron-carbon alloys are called steels, and any iron with a carbon
content of between 0.008 wt% and 2.1 wt% can be called steel, however the term steel is generally
reserved for  iron  with  ≥0.1 wt% and <2.1  wt% carbon.  Iron  and steel  can  be  heat  treated  by
quenching,  tempering  and  annealing  to  modify  its  mechanical  properties,  including  hardness,
ductility and strength.
Iron is now the most widely used of all the known metals, this is partly due to its ubiquity in nature
and ease of manufacture, which makes it relatively low cost. But irons most desirable attributes are
its mechanical and physical properties, which make it an extremely useful metal for the production
of tools and components in building. The use of iron has revolutionised many human activities from
farming and agriculture to building and construction, as well as transportation and warfare. This
makes iron an extremely important economic resource.
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Fig.42. Iron-carbon phase diagram. (Pollack 1977)
Alloy Type Carbon Content  (%wt)
Low Carbon Steel 0.05~0.15% 
Mild Steel or Plain Carbon Steel 0.16~0.29% 
Medium Carbon Steel 0.30~0.59% 
High Carbon Steel 0.60~0.99% 
Ultra High Carbon Steel 1.0~2.0% 
Cast Iron 2.1~4.0%
Table.29. Types of steel alloy based on carbon content. (Pollack 1977)
Iron Carbon Alloy Forging Temperature (˚C)
Mild Steel 750-1300
Wrought Iron 900-1300
Medium Carbon Steel 750-1250
High Carbon Steel 800-1150
Table.30. Smithing temperatures of iron and steels. (Suyambazhahan 2012)
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Iron  is  generally  smithed at  temperatures  of  between 750˚C to  1100˚C,  and before  the  use  of
thermometers, metalsmith could judge the metal's temperature by the emitted colour.
Colour Appearance Temperature (˚C)
White 1200
Bright Yellow 1100
Yellow 1050
Citrus Yellow 980
Yellowish Red 930
Bright Red 870
Bright Cherry Red 810
Cherry Red 760
Dark Cherry Red 700
Dark Red 650
Brown Red 600
Table.31. Forging temperature vs. colour for iron (Buchwald 2005). Appearance colours provided
by ASSAB steel, Bohler Uddeholm.
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Chapter 6
6.0 Slag
Slags,  in  general,  can  be  considered  as  a  bi-product  and  waste  material  generated  during  the
production of and working metals,  as such slags were seen as valueless by early metalworking
artisans  and  disposed  of  accordingly.  Due  to  their  waste  material  status,  slags  were  typically
discarded in-situ at the place of production, or in close proximity to the production site, often with
very little subsequent displacement. This localised deposition of slag material at or close to the site
of  production  is  a  commonly  observed  practice  in  archaeological  metal  production  and  metal
working sites  (Dungworth 2012),  this  is  most probably due to the additional 'costs'  of disposal
further afield. Potentially large quantities of heavy slag is not an easy thing to move, and it would
have been unnecessary, undesirable and uneconomical to remove and relocate this slag material any
great distance from the proximity of the site, in terms of both manpower and energy expenditure.
However, the exploitation of slag waste is not entirely unheard of, with slag material being used in
building and construction, or being recycled as smelting fluxes.
The metals  that  were  produced or  worked at  a  site  had  an  intrinsic  economic  value  and were
typically transported further  away,  either for additional  processing or for dissemination through
trade, displacing this source of physical evidence.
In terms of interpreting the archaeology of a site, the presence of slags can be advantageous, as
slags, especially when present in reasonably large amounts can be an indicator of a metal industry,
and can often be used to provide information regarding whether smelting and/or smithing was being
practised, as well as the extent of the industry, both in terms of production yields and length of
industrial activity (Selskienė 2007).
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Another advantage of dealing with slags is the fact that they are waste materials, and as such are
often found in large quantities in archaeological contexts and have no modern intrinsic or artistic
value. This means that the unrecorded removal and looting of this material is unlikely. Also, the
application  of  destructive  sampling  processes  that  detrimentally  effects  the  appearance  of  the
original slag specimen are often of little consequence, as the aesthetics of slags are not typically
considered. As a result of this, there are far fewer sampling issues related to this material type.
Generally very little evidence of metallurgical activity survives in the archaeological record to the
present day (McDonnell 1986). The metallic objects produced are disseminated, and when these
objects  are  deposited within an archaeological  context  they are often destroyed or significantly
altered by corrosion. Both furnace and hearth superstructures are destroyed, with very few surviving
examples. However, slags tend to survive reasonably well over extended time periods, as they are
relatively  stable  in  terms  of  chemistry  and  therefore  exhibit  some  degree  of  resistance  to
weathering, this will typically lead to good preservation in the archaeological record (McDonnell
1986). Additionally slags are often found in moderate to large quantities, and they have the potential
to provide more archaeologically important information than the metallic artefacts themselves.
Any recovered archaeological slags can be broadly divided in to two groups according to whether
they provide any useful  information with regards  to  technological  processes  or not.  These two
groups are therefore termed non-diagnostic and diagnostic slags. 
6.1  Non-diagnostic Slags
Non-diagnostic  slag are  those that  are  not  necessarily  indicative of  any particular  metallurgical
process,  and  may  even  form  as  a  result  of  other  unrelated  pyrotechnological  or  combustion
processes (McDonnell  1986). There are three types of non-diagnostic slags commonly found in
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archaeology, these are; fuel ash slag, ceramic rich slag which are sometimes referred to as furnace
or hearth lining slag, and non-specific slag fragments.
6.1.1 Fuel Ash Slag
Fuel ash slags, as their name suggests, result from the reaction between compounds found in the
residual fuel ash, and possibly surrounding environmental materials such as soils and clays, leading
to the formation of a slag-like material. These reactions will take place at high temperatures and
under oxidising conditions, and require no specialised or specific formation conditions outside of
these two factors (McDonnell 1986). This results in fuel ash slag forming under numerous oxidative
combustion scenarios, including, for example, in smithing hearths, ore roasting beds, ceramic kilns,
domestic hearths and open fires.
Fuel ash slags are generally light in colour and are highly vesicular, this vesicularity will result in a
correspondingly low density, and the colours exhibited by this material can vary from light-grey to
light-yellow, with a range of other colours possible depending on the trace element composition.
Fuel ash slags are composed primarily of silica with minor concentrations of other metal oxides,
particularly iron, calcium and potassium (McDonnell 1986). And their macro-structure ranges from
cindery to fully vitrified, with many examples displaying friability. They are commonly found in
association with smithing slags, but are not generally associated with smelting slags, this is due to
the reducing nature of the smelting process, in which the formation and survival of this kind of high
silica material will be unlikely. Fuel ash slag can also be found in association with ceramic rich
slags when contacting the hearth or furnace lining. Whilst browsing the Tell Dhiban collection for
suitable slag specimens, numerous fragments of fuel ash slag were encountered.
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6.1.2 Ceramic Rich Slag
Ceramic rich slags form from the over-firing and vitrification of the clay lining of either a smithing
hearth or a smelting furnace. For this type of formation process to take place very high temperatures
(>1200˚C) are necessary, and as such these types of slags only generally form in the tuyère zone. In
some cases the tuyère opening itself can become completely vitrified. Even though this type of
material  is  formed  in  a  pyrotechnological  process,  it  is  not  diagnostic  as  to  which  process  it
originated from. A single sample of ceramic rich slag was retained and analysed from the Tell
Dhiban set,  it  exhibited over  52 wt% silica and almost  16 wt% alumina,  along with ~12 wt%
'wüstite',  ~8 wt% lime,  ~6 wt% magnesia,  ~3 wt% soda,  ~2 wt% potash and ~1% phosphorus
pentoxide. Whilst ceramic rich slag from Tell Hammeh exhibited over 46 wt% silica, ~21 wt%
'wüstite', ~20 wt% lime, ~6 wt% alumina, ~2.5 wt% magnesia, ~2 wt% potash, ~1 wt% each of
manganese oxide and phosphorus  pentoxide, and ~0.5 wt% titania (Veldhuijzen & Rehren 2007).
Looking at the results above it is possible to see that both of these ceramic rich slags are dominated
by silica, wustite and lime, with the only major variation being in the quantity of alumina.  It is
highly probable that the minor elements, or those representing ≤6 wt%, originate from fuel ash.
6.1.3 Non-specific Slag Fragments
Non-diagnostic slags can also occur in the form of often smaller fragments of smithing or smelting
slag, which exhibit no specific or characteristic macro-morphology, and as such cannot be used to
determine the process from which they originated. There is a huge amount of this type of material
recovered from archaeological metallurgical sites, and it appears that it is typically of very little
value in the interpretation of activities on those sites. The Tell Dhiban set two specimens are an
example of this type of material.
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6.2 Diagnostic Slag
Diagnostic slags can be categorised according to the type of process that formed them, and broadly
speaking diagnostic slags will fall in to one of two categories; these are smelting slags and smithing
slags. Within these two groups it is possible to create further sub-divisions; smelting slag can be
divided  into  bloom  slag  and  production  slag,  whilst  smithing  slag  can  be  divided  into  those
generated  by  primary  smithing  and  those  generated  by  secondary  smithing.  Both  primary  and
secondary smithing processes will also produce an additional slag type known as hammerscale.
6.2.1 Smelting Slag
As previously described, bloom smelting slags are the primary sink for irreducible gangue minerals
and other impurities which may be present in metalliferous ores, and they can be though of as the
solidified  remains  of  a  once molten  mixture,  composed primarily  of  silicates  and mixed metal
oxides. 
The  formation  of  this  type  of  slag,  though  the  process  of  slagging,  requires  specific  furnace
conditions to be achieved. Once these conditions are realised a liquid slag melt will form through
the process of liquation. Liquation is where solid gangue minerals are transformed via solid state
diffusion in to a free flowing liquid at temperatures significantly lower than their normal melting
points,  this  transformation  process  requires  high  temperatures,  and  the  presence  of  additional
chemical compounds known as fluxes to modify, thereby effectively reducing, the melting point of
the slag forming gangue minerals.
Silica and associated silicate minerals make up the bulk of the gangue minerals present in iron ore
deposits. Pure amorphous silica has a melting point of 1723˚C, well above the temperatures that are
routinely achievable in a bloomery furnace. The presence of oxides of certain alkali metals and
alkali earth metals, particularly oxides of sodium, magnesium, potassium and calcium, can act as
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network modifiers, disrupting the crystalline structure of, and thereby lower the melting point of
these silicate gangue minerals, allowing them to form a liquid at lower temperatures and flow out of
the newly forming bloom and through the furnace  under  the  influence of  gravity.  These alkali
metals and alkali earth metals are typically present as a range of minerals, which are all converted to
simple  oxides  upon  heating.  They  can  originate  from  the  ore  itself,  as  a  naturally  occurring
component; these ores are termed self fluxing. They can originate from the fuel, becoming available
during combustion and subsequent formation of fuel ash. They can also be deliberately introduced
when charging the furnace with ore and fuel.
Controlled fluxing, by the use of self fluxing ores, select high flux fuels, or the deliberate addition
of independent fluxing agents, is practised to both reduce the melting point of the forming slag to
within achievable temperatures, and to improve its flowing properties allowing for easier separation
from the metallic bloom. A sufficiently low viscosity liquid slag is desirable to ensure effective
separation of gangue, as well as to allow the coalescence of newly forming metallic iron particles
into a single mass. As slag viscosity is a function of furnace temperature and slag composition, both
high temperatures and sufficient flux levels are necessary to ensure a low viscosity and fully mobile
free-flowing liquid slag. The liquid slag that is formed during this process is immiscible with the
forming metal  bloom, but is  somewhat  corrosive to  any metal  oxides  or  silicates present.  This
allows the newly forming slag to attack and dissolve gangue minerals on contact. 
Due to the fluxing potential of iron oxides, iron ores are considered completely self fluxing. That is,
wüstite formed during the reduction of the ore combines with any silica present forming a ferrous
orthosilicate known as fayalite. Fayalite will start to form at temperatures of approximately 1180˚C,
with an ultimate melting point  of  1205˚C, which are typical  of  temperatures  that  are  normally
achieve within a smelting furnace. Liquid fayalite is effective at dissolving basic metal oxides and
other silicates, and is the primary sink for these compounds. It is possible that crushed wüstite rich
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slags  were  deliberately  added to  furnace  charges  to  promote  slag  formation  and to  reduce  the
amount of carbon that would otherwise be dissolved in the iron bloom.
As solidified smelting slag is formed from a liquid melt, it would be reasonable to assume it will
display a somewhat homogeneous microstructure, as in the case of glass. However, observations
have confirmed this not to be the case, with smelting slags generally demonstrating a heterogeneous
microstructure, and as such displaying numerous individual phases, which may be either crystalline
or  amorphous.  The  formation  of  these  multi-phase  solids  is  a  result  of  the  recombination  of
dissolved cations and anions from the liquid slag solution, this recombination will take place in
accordance with Bowen's reaction series. The highest melting point components within this system
will tend to recrystallise first, followed sequentially by the lower melting point components. In iron
oxide rich or rapidly cooling melt systems wüstite will typically be the first mineral to recrystallise,
and depending on the cooling rate can form as either feathery dendrites or varying size ovoid blobs.
The next component to recrystallise is generally fayalite which will often form as crystalline laths
ranging from euhedral to anhedral. The final components to solidify is generally the amorphous
phase, which is often termed the 'glassy matrix'. In systems with less iron oxide, fayalite will form
initially followed by an amorphous phase.
Inclusions are typical in smelting slags, as are vesicles. Inclusions can be found in many forms from
non-melt derived relic minerals and rock fragments to furnace lining fragments, fuel fragments and
ash particles. Vesicles can form either due to out-gassing from the molten slag or when gasses are
trapped during flowing and movement of the slag melt. The size, shape and quantity of the vesicles
can be used to determine their formation mechanism, and can also be used to estimate the viscosity
of the slag. 
The formation of smelting slag is an endothermic reaction and as such it requires a considerable
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amount of additional heat energy, and therefore fuel to form. As slag is a bi-product, this additional
fuel  consumption  appears  to  be  a  waste  of  resources,  however,  slag  is  vital  to  the  successful
formation of a metallic bloom. Smelting slag performs a number of functions within the smelting
furnace; it protects the newly forming metallic bloom from the oxidising furnace atmosphere close
to the tuyère, and from the combustion bi-products produced by the fuel; it collects metallic iron
particles as they migrate down the charge column, allowing them to successfully accumulate rather
than remaining immobile or dispersing; it acts as a sink for gangue minerals and as a flux in the
diffusion  welding  of  the  iron  particles  during  bloom  coalescence;  and  it  aid  in  bloom
decarburisation, thereby preventing the uptake of excessive amounts of carbon by the metallic iron,
which  can  reduce  the  melting  point  of  the  metal  to  approximately  1147˚C  at  the  eutectic
concentration of 4.3% carbon, potentially causing the bloom to melt (Campbell 1907). To carry out
these  functions  the  slag  must  exhibit  certain  properties  including;  a  lower  melting  point  than
metallic iron, with a free-flowing liquid temperature that can easily be achieved in the smelting
furnace, a lower density than metallic iron to aid in separation, and a suitable composition to act as
a sink for gangue minerals.
6.2.2 Production Slag
Production  slags  are  those  that  freely  flow  from  the  bloom  during  the  smelting  process,  and
depending on how these slags are treated during the smelting process, they can form a number of
morphological structures. If the slag is left to pool in the bottom of the furnace, it will likely form a
type of slag cake known as a furnace bottom, and this type of slag can range in density depending
on the viscosity of the slag from which it formed. Furnace bottoms are often planoconvex and may
be typologically indistinguishable from smithing hearth bottoms. Furnace bottoms may also be left
in-situ in the furnace during multiple  smelting episodes and can become very large as a  result
(Buchwald 2005). This may have the effect of forming a series of clear stratigraphic depositions
within the slag cake, and the repeated heating and cooling cycles could alter the composition and
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microstructure  of  the  cake  by  partial  liquation  or  by  encouraging solid  state  diffusion  and ion
exchange.
If  the slag is  allowed to flow from the furnace via an aperture,  it  is said to be a  tapping slag
(Buchwald 2005). Tapping slags typically form ropey, lava-like structures as they are tapped in to
channels beside the furnace, here they are allowed to cool before removal. Tapping slags may also
be  tapped  in  to  a  pit  forming  a  slag  cake,  and  this  type  of  slag  cake  may  be  typologically
indistinguishable from furnace bottoms or smithing hearth bottoms. Tap slags are generally high
density and low vesicularity, sometimes with small vesicles concentrated on their upper surface.
Multiple successive tappings could result in the accumulation of very large pieces of tap slag. 
In addition to tap slags, there is a slag variant known as a rake slag (Buchwald 2005). These rake
slags are essentially higher viscosity tap slags which need to be manually raked from the base of the
furnace. This type of slag may also be transferred to a pit to cool, resulting in a planoconvex slag
cake. Rake slags are equally as likely to occur as randomly shaped lumps. Unlike tap slags, rake
slags may retain charcoal impressions from within the furnace.
The phase composition of production slags is typically wüstite, fayalite and a vitreous component of
fayalite-anorthite  composition.  The wüstite  content  of these slags may be used to infer  process
efficiency, with high efficiency processes exhibiting less or even no wüstite.
Bloom slags are those that have formed from slag extruded from the sponge iron as it coalesces, and
bloom slags generally adhere to the outer surface of the bloom. They are often vesicular, and lower
density  than  production  slags  and  have  a  lower  iron  oxide  content  (Blakelock  2009).  The
composition of bloom slag is typically two phase, exhibiting both fayalite and a vitreous component
of fayalite-anorthite composition.
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6.2.3 Smithing Slag
The scientific study of archaeological smithing slags began much later than the study of smelting
slags,  this  has  led  to  disparity  in  the  data  collected  and  omissions  in  the  methods  of  data
interpretation  (McDonnell  1986  &  1991).  Iron  smithing  can  be  sub-divided  into  two  distinct
processes;  firstly  the  refining,  purification  and  consolidation  of  the  bloom's  crude  metal;  and
secondly, working of the purified and consolidated metal into usable objects. These two processes
define primary smithing and secondary smithing respectively. Primary smithing may also be termed
bloomsmithing, and secondary smithing can be termed blacksmithing.
As previously described, iron smelting produces a solid iron mass known as a bloom, this bloom
needs  further  processing  to  form a  useful  metal  billet,  as  it  will  typically  contain  appreciable
amounts  of retained slag and many voids which needs  to  be removed,  this  is  achieved by hot
working. Hot working involves heating the bloom to red heat, then shaping and compressing it
using a hammer and anvil. This process expels trapped slag and gasses from within the metallic
bloom, as well as closing voids and welding the bloom into a single monolithic billet. Iron and
alloys of iron are almost always hot worked, as cold or warm working results in work hardening of
the metal, which can lead to brittleness and cracking. Once the bloom has been processed into a
suitably  pure unified  billet  it  can then be subjected  to  further  smithing  to  produce  the  desired
metallic objects.
Smithing slags will generally exhibit much greater quantities of iron oxides representative of their
composition, as the smithing process is primarily oxidative, also many smithing slags will exhibit a
large fayalitic component due to the use of silicate fluxes. This is corroborated by the work of
Serneels and Perret (2003), in which they initially divide smithing slags into three groups according
to their composition, and two out of these three groups are dominated by iron oxides. They go on to
create a further  eight sub-divisions,  based on the proportions of each of these three groups,  as
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typically observed in smithing hearth bottoms, and six out of these eight groups exhibit ≥50% iron
oxides. The additional non-iron-oxide groups identified in Serneels and Perret study are dominated
primarily by iron silicates, and to a lesser extent glassy silicates. Unlike in smelting operations
where condition are carefully controlled to form a free flowing liquid slag with a suitable chemical
composition to dissolve gangue minerals, smithing operations have no necessity to develop a liquid
slag or control its chemistry, and as such smithing slags are just a consolidated accumulation of any
materials that are deposited in the smithing hearth.
Metallic iron inclusion are commonly observed in smithing slags (Serneels & Perret 2003), and
many of the samples examined in this particular study displayed metallic iron inclusions. These
metallic inclusions can be in the form of relicts that have been dislodged and spalled from the
original iron workpiece,  or in the form of prills  and microscopic particles formed via localised
reduction or through the disproportionation of wüstite.
The primary source of elements other than iron, that are commonly observed in smithing slags,
would have been through the introduction of smithing fluxes, which for the majority of cases would
have been in the form of silica, forming both fayalite and silica rich glasses in the slags. There
would also be a moderate contribution of a range of elements from the hearth lining, and a much
smaller contribution from the fuel ash.
6.2.3.1 Primary Smithing Slag
Primary smithing slags are those that are produced during the initial purification and consolidation
of  the  bloom after  it  has  been  removed  from the  smelting  furnace.  This  type  of  slag  will  be
composed primarily of mixed iron oxides from surface oxidation of the bloom, combined with any
fluxes that have been used to decrease the probability of this oxidation taking place. This type of
slag will also contain variable amounts of the remnants of smelting slag, removed from the surface
224
of, and extruded from within the bloom during consolidation. In terms of structure and chemistry, it
will be very similar to secondary smithing slag, however it will probably contain higher levels of
remnant smelting slag components, and will typically be higher in silica and lower in iron oxide.
6.2.3.2 Secondary Smithing Slag
Secondary smithing slag is formed primarily from the coalescence and fusion of iron oxide scale
particles within the smithing hearth, as scale particles fall away from the workpiece into the hearth
they can migrate through the charcoal fuel to the hottest part of the hearth near to the tuyère, either
as  solid  fragments  or  at  higher  temperatures  as  a  liquid,  here  they  can  accumulate  and  fuse.
Additional elements will also be incorporated into the slag from sources such as the fuel ash and
more  significantly  the  furnace  lining,  which  can  introduce  elements  including calcium,  silicon,
potassium, aluminium, magnesium and phosphorus; but the contribution to the overall composition
from these sources is typically relatively minor (Blakelock et al 2009). Other than the iron oxide
scale, the largest contributor to the composition of smithing slag is from the use of smithing fluxes.
Smithing fluxes, typically in the form of silica rich minerals, will contribute silicon, oxygen and
potentially  a  range  of  minor  and  trace  elements  to  the  smithing  slag  (McDonnell  1989).  The
quantity of fayalite and vitreous phases that will form in smithing slag is controlled to a great extent
by the quantities of silica fluxes used in the smithing operation. Smithing slag may also receive a
small contribution of additional elements from smelting slag stringers that are extruded from within
the  metal  workpiece  during  hot  working,  but  this  contribution  will  be  almost  insignificant
(McDonnell 1989).
The quantity of iron oxide present in the smithing slag is controlled by both the temperature of the
hearth,  and the quantity  and types  of  fluxes  used.  At  high temperatures  and in  the  absence  of
sufficient  flux,  a  very  high  iron  oxide  content  slag  will  be  formed,  as  the  metallic  iron  will
effectively  burn  under  these  high  temperature  oxidising  conditions  forming  large  quantities  of
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oxides. A well controlled hearth, together with the correct use of fluxes will result in the formation
of cinder, which is typically exhibits high silica and low iron content, with a friable, low density
vesicular structure.  The hearth temperature will also effect slag formation rates, element diffusion
rates, and phase types that are formed within the slag cake. The slag that forms in the smithing
hearth is generally immobile, as it will never form a free-flowing liquid. It is probable that this type
of slag transitions between a solid and a semi-solid or very high viscosity liquid.
The accumulation and consolidation of all these components in the smithing hearth can result in the
formation of either smithing slag lumps or smithing slag cakes. Both of these smithing slag forms
can exhibit a range of sizes and physical attributes, with individual specimens weighing tens of
grams to thousands of grams, and physical attributes ranging from low density, friable and cindery;
to  high  density,  low  vesicularity,  and  compact  arenaceous  to  almost  vitreous.  The  difference
between slag  lumps  and slag  cakes  is  based  entirely  on  macroscopic  morphology,  with  lumps
exhibiting random and irregular shapes, whilst cakes exhibit a planoconvex appearance. As both
morphological  slag types  have the same origins,  the mineralogical  and compositional  attributes
should be directly comparable (McDonnell 1989).
Smithing slags form as variable sized lumps or cakes, which may be removed from the hearth after
every smithing episode, or they may be left in-situ for extended durations, allowing the slag to
accumulate into much larger cakes (Buchwald 2005). It is also possible that the slag may be left in
position  for  the  duration  of  the  hearths  operational  lifetime,  resulting  in  extremely  large  slag
accumulations (Buchwald 2005). Accumulation of smithing slag can often be found as, typically
smaller, randomly and irregularly shaped pieces. These are formed by the removal of the slag from
the hearth before it can fully develop into planoconvex hearth bottoms (McDonnell 1991). These
random and irregular shapes can also include highly deformed slag pieces that are formed by the
removal of the slag piece from the hearth whilst it is still sufficiently hot to remain plastic.
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The most well recognised, and often the largest type of smithing slag is the planoconvex smithing
slag cake, which is typically referred to as a  smithing hearth bottom (Bayley  et al 2001). These
structures can display a number of profiles (Fig.43.) which include convex-convex, flat-convex,
concave-convex,  flat-flat,  and irregular  (Serneels  & Perret  2003).  Smithing  hearth  bottoms are
assumed to form only in the hottest zone of the smithing hearth adjacent to, and slightly below the
tuyère (McDonnell 1991), which is also considered to be the most strongly oxidising region of the
smithing  hearth  (CSIRA 1955).  Planoconvex  smithing  hearth  bottoms  are  considered  as  the
characteristic form of smithing slag,  however  they do not represent the most common form of
smithing slag by mass. The most common form of smithing slag found in archaeological contexts is
the irregularly shaped smithing slag lump, which often represents more than twice the total mass of
smithing hearth bottoms found on a given site (McDonnell 1989).
Convex / Convex Flat / Convex Concave / Convex Flat / Flat Irregular
Fig.43. Planoconvex smithing hearth bottom profiles (Modified from: Serneels & Perret 2003).
The largest accumulations of smithing slag, that potentially formed over many individual smithing
episodes, would have been exposed to numerous reheating events whilst within the hearth, leading
to  post-formation  structural  and  mineralogical  transformations  within  the  slag  cake  itself
(McDonnell 1986). 
As previously noted fluxes  would have been extensively exploited in  smithing practices,  when
welding metal together and in oxidation prevention. Common fluxes would include siliceous or
calcareous sands, and crushed calcium and/or silica rich minerals. It is also possible that  crushed
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wüstite rich silicate slags may have been used in smithing operations as a combined decarburising
and welding flux. A large proportion of Tell Dhiban and Armenian Garden samples show distinct
inclusion of calcium silicates, possibly originating from a flux.
All  smithing  processes  will  produce  some smithing  slag,  how much they produce can  be vary
widely depending entirely on the skill of the blacksmith and how difficult or costly the raw iron is
to acquire. A skilled blacksmith will produce some hammerscale and small quantities of cindery
slag. Whereas an unskilled blacksmith, or a blacksmith who is not concerned about burning large
quantities of iron when smithing can produce large amounts of hammerscale and metalliferous slag.
Therefore on sites where skilled blacksmith have operated it is possible to find variable amounts of
hammerscale and virtually no slag pieces.
6.2.4 Hammerscale
Hammerscale is the name given to a specific type of residue produced by the hot working of iron in
a smithing hearth. Hammerscale is process specific and is indicative of hot working during both
primary and secondary smithing. When iron is worked at high temperatures and in an oxidising
atmosphere, surface oxidation can readily occur, resulting in the formation of an encrustation of
mixed iron oxides.  To negate this oxidation process, a flux can be employed which will combine
with the iron oxides forming at the surface, creating a thin slag layer which acts as an oxygen
barrier, thereby preventing further oxidation. These iron oxide encrustations and slag layers can
become dislodged  either  by  thermal  or  chemical  expansion  and  contraction,  or  by  mechanical
impacts,  and  this  detached  hammerscale  can  be  scattered  around  the  anvil  and  hearth,  and  a
proportion will be incorporated in to the smithing slag. Hammerscale can exhibit two morphological
types, flake and spheroidal (McDonnell 1986). 
Flake hammerscale forms as small platelet-like scale structures, which exhibit a metallic lustre and
228
are typically strongly magnetic. These are formed either by direct oxidation of the metals surface
producing an oxide-scale, or by the formation of iron silicate slag on the metals surface from the use
of fluxes, producing a silicate-scale (McDonnell 1986). Spheroidal hammerscale is formed by the
rapid expulsion of high temperature oxide or silicate liquid droplets during hammering (Dungworth
& Wilkes 2005). The spheroidal particles produced by this process generally cool and solidify in
flight, if they strike a surface before they have completely solidified they can display various impact
deformities (Dungworth & Wilkes 2005).  Hammerscale particles will be deposited in and around
the hearth and anvil. As it is very unlikely that hammerscale will be re-deposited within a secondary
context, as such it can be a very good indicator of the original location of a hearth and anvil on a
smithing site (McDonnell 1986).
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Chapter 7
7.0 Results
The investigation of the slag assemblages examined in this study began with a macroscopic physical
assessment; this included weighing, measuring and photographing each of the individual specimens.
During  this  exercise  it  was  noted  that  a  large  proportion  of  the  specimens  exhibited  the
characteristic morphological appearance of smithing hearth bottoms (SHB). In fact all of the slag
specimens from the Armenian Garden assemblage displayed this hearth bottom morphology, whilst
the Tell  Dhiban assemblage consisted of approximately one-quarter hearth bottoms, one-quarter
large slag nodules, and one-half small slag nodules. The table below displays the morphological
appearance and physical condition of each of the original slag specimens (Table.32.).
Table.32.  The  morphological  appearance  and  physical  condition  of  each  of  the  original  slag
specimens. Note that the Tell Dhiban material appears to be in a better state of preservation than the
Armenian Garden material.
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Tell Dhiban Armenian Garden
ID No. Appearance Condition Set ID No. Appearance Condition
BQ43.1.9 Medium Nodule Intact 2 SA196 SHB Minor Cracks
BQ43.10.71A SHB Intact 1 SA198 SHB Cracking
BQ43.10.71B SHB Intact 1 SA206 SHB Minor Cracks
BR41.19.95 SHB Minor Cracks 1 SA213 SHB Minor Cracks
BR41.23.119 Small Nodule Cracking 2 SA235 SHB Fragmented
BR43.32.68 SHB Cracking 1 SA268 SHB Intact
BR43.32.75 SHB (Intact) 1 SA270 SHB Intact
BR43.34.90 SHB Intact 1 SA312 SHB Minor Cracks
BR44.8.80 Large Nodule Intact 1 SA313 SHB Minor Cracks
BS44.43.114 Large Nodule Intact 1 SA356 SHB Intact
BS44.45.143 Small Nodule Intact 2 SA357 SHB Cracking
BS44.46.187 Small Nodule Minor Cracks 2
BS45.56.156 Small Nodule Intact 2
BE46.1.2 Medium Nodule Intact 2
BE46.1.9 Small Nodule Intact 2
BR41.1.138 Medium Nodule Intact 2
BR42.5.60 Small Nodule Intact 2
BR47.6.34 Small Nodule Intact 2
BS43.1.17 Medium Nodule Intact 2
BS43.4.66 SHB Intact 1
BS43.4.82 Small Nodule Intact 2
BS43.12.159 Small Nodule Intact 2
CE27.5.67 Medium Nodule Minor Cracks 2
CE27.7.73 Large Nodule Cracking 1
CE27.8.123 Large Nodule Intact 1
CE27.9.132 Small Nodule Minor Cracks 2
Fig.44. Examples of planoconvex slag cakes from both Tell Dhiban and the Armenian Garden. Top
left: side profile view of a planoconvex slag cake from Tell Dhiban set one (BR43.32.68). Top right:
view of the upper surface of the slag cake depicted in the top left image. Bottom left: side profile
view of a planoconvex slag cake from the Armenian Garden (SA312). Bottom right: view of the
upper surface of the slag cake depicted in the bottom left image. Note that the scale grid in the
background of the images is 1cm2.
Considering  this  macroscopic  morphological  evidence,  along  with  the  associated  regional
archaeological and documentary evidence (Tushingham 1972 & 1988, Alamri 1999, Veldhuijzen et
al 2007)  it  is  highly  probable  that  all  of  the slags  from both assemblages  are  formed through
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smithing operations.  Also the  low silica  chemistry of  these  slags,  and the resulting absence  of
fayalite  and  vitreous  phases  is  an  additional  and  important  source  of  physical  evidence
corroborating the probability that these slags are indeed smithing slags. Silica is an important slag
forming compound in smelting slag systems, with the slags formed through smelting processes
typically exhibiting between 20 and 35 wt% SiO2.
Once the initial physical examination was completed, a small number of the Tell Dhiban specimens
were chosen for investigative cleaning. Many of the specimens from Tell Dhiban were covered with
a fine yellow-white dust and associated surface encrustations, most likely originating from the local
environment (Fig.13.). Cleaning of the specimens revealed the underlying slag surface, which upon
exposure formed the characteristic yellow-orange iron oxide and oxide-hydroxide layers (Fig.13.).
Post-cleaning examination of the selected slag cakes revealed numerous cracks and fissures in the
surface  of  some  of  the  cakes,  and  in  other  regions  of  the  cleaned  specimens  a  white  surface
encrustation was revealed that displayed a strong mechanical adherence to the surface of the slag.
These white encrustations appeared to be randomly distributed and otherwise unremarkable. The
slag  specimens  from  the  Armenian  Garden  were  much  cleaner,  however  many  displayed  an
identical strongly adhered white surface encrustation.
After  the  successful  completion  of  the  physical  examination  of  both  slag  assemblages,  the
specimens were sectioned, sub-sampled and prepared for both imaging and chemical analysis by
SEM-EDX. As the first slag assemblage to be procured was from the Tell Dhiban collection, the
initial method testing procedure was conducted on these specimens. After the initial first-look EDX
analyses and BSE imaging of the specimens from Tell Dhiban were completed, it quickly became
apparent that the microstructures and compositions of the specimens collected from this site were
atypical when compared to smithing slags analysed from elsewhere.  Smithing slags, in general,
exhibit a chemical composition of mixed iron oxides, iron silicates, and glassy silicates, often with
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metallic  iron  inclusions  (McDonnell  1989,  Serneels  & Perret  2003).  The  specimens  from Tell
Dhiban displayed metallic iron, iron oxides, calcium silicates and calcium ferrites, with only a few
specimens exhibiting glassy silicates. Those specimen that did exhibit a glassy silicate phase also
displayed,  what  could  be  considered,  a  more  conventional  smithing  slag  microstructure,  with
blobby iron oxides and mixed silicate matrices dominating, but unusually no fayalite. The calcium
silicate and calcium ferrite phases exhibited by many of the slag specimens from both assemblages
are more commonly associated with copper smelting slags than iron slags, however no copper was
detected in any of the specimens. The absence of fayalite in the slag specimens can potentially be
explained either by the smithing process being conducted without the use of siliceous fluxes, or due
to the use of calcium rich fluxes which will form a more basic slag than silicon rich fluxes, which
will  form  acidic  slags  (Allen  &  Snow  1959).  Within  the  FeO-CaO-SiO2 system,  basic  slag
conditions favour the formation of dicalcium silicate (Ca2SiO4) and kirschsteinite (CaFeSiO4) rather
than fayalite (Allen & Snow 1959). Upon analysis and imaging of the Armenian Garden specimens,
very  similar  structural  and compositional  patterns  to  those  of  the  Tell  Dhiban specimens  were
observed.
Using normalised average results for the three major oxide components (FeO-CaO-SiO2) that are
likely dominant in both the Tell Dhiban and Armenian Garden assemblages, and plotting the general
composition on the FeO-CaO-SiO2 ternary phase diagram by Ray (2006) (Fig.30.), it was revealed
that the average specimen from either assemblage fitted the wüstite composition type the best. The
normalised averages for the specimens with the highest calcium and silicon were also plotted on the
ternary diagram, indicating larnite (Ca2SiO4) for the high CaO specimen, and wollastonite (CaSiO3)
for the high SiO2 specimen.
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Table.33. Normalised average result for the three major oxide components (FeO-CaO-SiO2) in both 
the Tell Dhiban and Armenian Garden assemblages.
Table.34. Normalised average result for the three major oxide components (FeO-CaO-SiO2) of the 
specimen with the highest CaO and highest SiO2 concentrations.
7.1 Chemical Analysis - Initial Testing
The first slag assemblage to be acquired in its entirety was from the Tell Dhiban collection. This
collection was prepared for analysis as previously discussed, and a number of experiments were
performed using SEM-EDX to determine compositional trends and to examine the microstructure
and variability in the material. During this initial phase of testing all data was collected as simple
oxides  with  oxygen  values  calculated  automatically  by  the  SEM  software  according  to
stoichiometry, this method was chosen as it is the standard method applied to this material type
(Bachmann 1982, McDonnel  1986).  This  process was undertaken to  verify that  the SEM-EDX
technique was suitable for the purpose of this study, and to develop an effective and representative
method of analysis that would eventually be applied to both the Tell Dhiban and Armenian Garden
assemblages.
Three standard reference materials  (SRMs) were used during this  initial  phase of the analytical
investigation,  and quantitative numerical  data  was collected for seven simple oxides,  as  simple
oxides. The SRMs used were W-25:R, MAC 3918, and the University of Liverpool, department of
archaeology's own internal standard reference material (UoL SRM). Some of the samples displayed
minor or detection limit  concentrations of the elements  chlorine,  sulphur,  titanium and sodium,
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FeO CaO SiO2
Tell Dhiban Set 1 84.94 9.16 5.90
Tell Dhiban Set 2 82.42 10.11 7.47
The Armenian Garden 85.33 8.15 6.52
Av. 84.23 9.14 6.63
FeO CaO SiO2
Max CaO 53.83 34.10 12.08
Max SiO2 46.25 30.34 23.40
